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ABSTRACT
Nucleophilic additions to alkynes were investigated using ab 
in i t io  molecular o rb ita l theory. Analyses of the energetic 
consequences of certain molecular distortions showed that the anti 
s e le c t iv ity  of nucleophilic additions to simple a lk y l,  a ry l, and 
halogenated alkynes was consistent with trans bending of 
acetylene. This premise was verfied by considering the addition 
of the hydride ion to acetylene which gave a single transition  
state resu lting from anti addition. Comparing the activation  
energies fo r hydride addition to ethylene and acetylene showed 
that addition to acetylene improves re la t iv e  to addition to 
ethylene with increasing basis set sophistication.
Nucleophilic addition of ammonia to cyanoacetylene was also 
investigated to determine the variable stereochemical results  
experimentally found for these reactions. This study showed that 
syn and anti trans it ion  states and zwitterions existed for the 
addition of ammonia to cyanoacetylene. Anti addition has a 
smaller activation energies than syn addition. However, the syn 
zwitterion was more stable than the anti zw itterion. Thus, a 
kinetic  product and a thermodynamic product are produced from this  
reaction.
A series of ^-substituted vinyl anions were also considered 
th e o re tic a lly  for structural deta ils  and q u alita t ive  understanding 
of the types of interactions which control isomer s ta b i l i t y .  This
udy showed that 3-substituents s ta b il ize  the vinyl anion more 
than ethylene and lower the isomerization barriers for cis-trans  
isomerizations.
Heteroallyl anions were also studied computationally. This 
studies showed that heteroally l anions posses an in tr in s ic  
preference for the syn configuration. This preference was 
consistent with e lec tro sta tic  interactions between the nitrogen 
lone-pair and the ir-charge on the carbon terminus. L ith ia tion  and 
subsequent solvation using water as the solvent were also studied. 
These la t te r  investigation showed that it l i th ia t io n  favored the 
anti configuration. While a l i th ia t io n  and solvation reinstated  
the syn preference.
xv
CHAPTER I .  INTRODUCTION
Quantum chemistry^ has become a very valuable tool for 
the investigations of chemical reaction mechanisms, chemical 
r e a c t iv i t ie s ,  and structural and re a c t iv i ty  modifications due to 
changes of substitution. The use of molecular o rb ita l (MO) theory 
in p articu lar has f l o u r i s h e d . 2  a  few examples of the 
applications of p articu la r interest to this author are the 
following.
Salem and coworkers3 and Leroy and coworkers^ have 
reported the theoretical deta ils  of the reaction surface for the 
Diels-Alder reaction of 1,3-butadiene and ethylene. These studies 
have supplied theoretical support for a concerted mechanism, a 
point d i f f i c u l t  to prove experimentally.
Houk and coworkers6 have reported numerous studies on the use 
of MO theory to ra tio n a lize  and predict the s tereose lec tiv it ies  
and re g io s e le c t iv it ie s  of many thermally allowed cycloadditions 
such as 1 ,3 -d ip o lar cycloadditions and Diels-Alder reactions.
Pople and coworkers6 have calculated minimium energy 
geometries for extensive series of simple molecular species, 
and have shown that calculated structures agree with experimental 
structures in the vast majority of cases considered.
The work reported here consists of computational studies of 
nucleophilic addition reactions and anion s ta b i l i t ie s  using ab 
in i t io  SCF methods. 3 a b r ie f  survey of the q u a lita t ive  uses 
of MO theory and a b r ie f  introduction to ab in i t io  procedures are 
provided in chapter 2 .
2Chapter 3 reports a theoretical determination of the influence 
that molecular distortions have on the predictive a b i l i t y  of 
f ro n t ie r  molecular o rb ita l (FMO) theory^ in the case of 
nucleophilic addition reactions to acetylene and ethylene. 
Computational d e ta ils  for the reaction of the hydride ion, a model 
nucleophile, to both molecules are presented. These results have 
led to new insight about the re a c t iv i t ie s  of nucleophiles with 
unsaturated hydrocarbons. Anti addition is the stereochemical 
norm for nucleophilic addition reactions to simple alkynes.® 
However, nucleophilic addition reactions to activated alkynes are 
known to give variable stereochemical results.®>9 chapter 3 
addresses these facts as well by an investigation of the reaction 
surface for the addition of ammonia to cyanoacetylene. Work was 
also performed on possible routes for the conversion of the syn 
zw itter io n ic  intermediate to product and for a model of aggregate 
amine addition to cyanoacetylene.
Chapters 4 and 5 concern s ta b i l i t ie s  of anionic species. 
Chapter 4 reports calculated substituent effects on the 
s ta b i l i t ie s  of the syn and anti isomers of vinyl anion 
intermediates and on the energetics of the inversion which 
inverconverts the two isomers.® Chapter 5 provides a 
theoretical ra tio n a liza t io n  of the stereochemistry of reactions 
involving the formation and subsequent reactions of heteroally l 
a n io n s .^  This chapter also provides theoretical evidence for
3the role the counterion and solvent may play in reactions of these 
anionic in term edia tes .^
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CHAPTER I I .  METHODOLOGY
6a
Introduction
Molecular orb ita l (MO) theory1 was extensively u t i l iz e d  
by W a l s h ^ » 3  -jn the 1950's to ra tiona lize  the preferred 
geometries of simple molecular systems. Walsh used an extension 
of the correlation diagrams of Hund  ^ and Mulliken® to plot 
changes in the shapes and energies of molecular o rb ita ls  (MO's) 
upon geometrical changes. The geometry corresponding to the 
lowest energy arrangement of occupied MO's was found to agree with 
experimental evidence. To i l lu s t r a te  this procedure, the 
Walsh-type diagram for acetylene is shown in Figure 1. The 
diagram c learly  indicates that acetylene prefers a l inear shape.
Spectroscopists routinely employ MO theory to aid in spectral 
assignments.® Some examples from our laboratories follow. MO 
energies obtained from theoretical calculations on d iffe ren t  
conformers of the cyclic  alkyne, 1 ,5,9-cyclododecatriyne agree 
with ionization potentials obtained from photoelectron spectra. 7 
The adoption of a pseudo-chair conformation was shown to result 
from destabiliz ing interactions between the three acetylenic 
moieties. This type of destabiliz ing interaction was proposed as 
the reason for the lack of neutral homoaromaticity.®
Theoretical calculations on the tr im erization of acetylene also 
provided evidence link ing th is  same interaction to the re la t iv e ly  
high barriers to thermally allowed cycloadditions.®
Applications of MO theory have caused s ign ificant advances in 
the q u a lita t iv e  understanding of many types of chemical reaction 
and chemical r e a c t iv i t ie s .  Perturbation theory ,1® introduced
74 - ■
-13  - -
-19  - -
6030 45
Figure 1. Walsh Diagram for U rb ita l Energies of Cis Bent 
Acetylene.
by Coulson and Longuet-H igyiris1^, became a very powerful a l l y
of MO theory allowing molecular interactions to be analyzed with
reactions could be understood by simply considering the s ta b i l iz a ­
tion afforded by the in teraction  of the highest occupied MO (HOMO) 
and the lowest unoccupied MO (LUMO) of two in teracting molecules. 
The reason for the importance of Fukui's f ro n tie r  molecular 
o rb ita ls  (FMO's) can be seen in the th ird  term of equation 1 
derived by Klopman^ ancj Salem^ which expresses the
approximate energy of in teraction between two molecules using 
perturbation theory. The terms used in equation 1 are defined as 
follows: qa and are the electron populations or
densities in AO's a and b; g and S are the resonance and overlap 
in teg ra ls ; and Q] are the to ta l charges on atom k and 
1 ; t is the local d ie le c tr ic  constant; R^ -j is the distance 
between atoms k and 1; cra is  the coe ff ic ie n t of AO a in 
MO r ,  where r refers to MO's on one atom and s to the other; 
ep is  the energy of MO r .  The th ird  term represents the 
s ta b il iz in g  in teraction between occupied MO's of one molecule and 
unoccupied MO's on the other molecule. Because contributions to 
th is  term are inversely proportional to the energy separation
respect to reactant MO's. F u k u i^  noticed that many chemical
a,b a,b e kl
p / ' r  i in *"vy"- 1)
€ r €Sr s s r
9between the two in terac ting  MO's, the largest contributors are the 
f ro n t ie r  MO's of Fukui. This type of s ta b il iz in g  interaction has 
come to be known as charge-transfer (CT) s ta b i l iz a t io n .  The f i r s t  
term of equation 1 represents closed-shell or exchange (EX) 
repulsion and is  responsible for the majority of the activation  
energy. The second term is a measure of the Coulombic or 
e le c tro s ta t ic  (ES) in teractions between the two molecules.
Due to the nature of perturbation theory, this expression can 
o ffe r  a q u a lita t ive  assessment of the interactions present only in 
the early stages of a chemical reaction. The MO's and structures 
of the trans ition  states can only be inferred from an analysis of 
the behavior of E with respect to changes in the separation be­
tween the two molecules. This deficiency in perturbation models 
of chemical reactions and re a c t iv i t ie s  can be overcome by perform­
ing MO calculations on the tran s it io n  states or portion of the 
reaction potential surface^ d ire c t ly .  Although calculations  
of this type are s t r i c t ly  applicable only to d ilu te  gas phase 
reactions,^ much q u a l i ta t iv e  insight into the dynamics of 
chemical reactions can be obtained.
Morokuna and coworkers* 5 have devised a quantita tive  
energy decomposition procedure to aid in the q u a lita t iv e  
understanding of chemical reactions. This method involves a 
p a rt it io n  of the energy of interaction into the following four 
terms: (1) e le c tro s ta t ic  repulsion or a t tra c t io n , ES; (2)
po larization,PL; (3) exchange repulsion, EX; and (4) 
charge-transfer, CT.
MO theory also has advanced qualita t ive  understanding of sub­
stituent effects on s ta b i l i t ie s  of isomers and conformers. This 
area of endeavor u t i l iz e s  calculated minimum energy geometries to 
assess the extent of many types of interactions such as dipole- 
dipole,16 hyperconjugation,^ and aromaticity.2 
Calculated minimum energy geometries often show remarkably good 
agreement with experimentally observed geometries.
. Several computational techniques are routinely employed for  
these types of sophisticated studies and are representative of two 
d iffe ren t approximate methods for calculating MO's i . e . ,  
semiempirical^ and ab i n i t i o * ("from the beginning").
Semiempirical methods were used much more frequently than ab 
in i t io  in the past, but tremendous advances in computer technology 
have allowed ab in i t io  methods to become competitive. The main 
difference between the two methods is the fact that semi-empirical 
methods re ly  on em pirically  derived parameters adjusted to mimic 
chemical properties while ab in i t io  methods use brute force 
computational techniques to solve molecular quantum mechanical 
equations exactly, within the lim itations of the Hartree-Fock (HF) 
approxi mat i ons.
Because HF or ab in i t io  methods are vastly superior to 
semi-empirical methods and for reasons of personal bias, only ab 
in i t io  calculations have been employed in the investigations 
reported here. Therefore a b r ie f  synopsis of one type of ab 
in i t io  method, the computational methods used for geometrical 
optimization, and the important points concerning the computer- 
programs w i l l  follow.
Ab In i t io  Molecular Orbital Calculations
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Ab in i t io  calculations^ are distinguished from other 
types of molecular o rb ita l (MO) techniques by an e x p l ic i t  solution  
of the orig inal or a s im plified  Schrodinger equation. One 
approach to solving the Schrodinger equation, Hatree-Fock (HF) 
theory, circumvents the d i f f ic u l t ie s  associated with 
electron-electron repulsion inherent in the Schrodinger equation 
by assuming that each electron moves in the. average potential 
f ie ld  of a ll  other electrons. Instantaneous interactions  
("corre lation*') between electrons are neglected.
The mathematical form of the HF equation is c ircu la r  in 
nature, requiring an i n i t i a l  t r i a l  solution and an i te ra t iv e  
procedure for solution refinement. This refinement is gauged 
complete (se lf-cons is tent) when the e lectronic energy is a 
minimum with respect to any further change in the parameters 
defining the wave function.
The type of wave functions used in ab in i t io  se lf-cons is ten t-  
f i e l d ^  (SCF) calculations of closed-shell systems are single 
antisymmetrized products of one-electron s p in -o rb ita ls , commonly 
called a S la ter determ inant,1? .  Each MO , <j> , in a Slater  
determinant is represented by a l in ear  combination of atomic or 
atomic l ik e  orb ita ls  (LCAO), known as a basis set.^9 jhe 
co eff ic ien ts  of expansion, C j, in equation 2 describe the 
amount of each basis function contributing to a given MO. The
12
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coeffic ients  also play the role of the parameters fo r wave func­
tion refinement mentioned above. After the SCF calculation, the 
coeffic ients  of expansion are used in the determination of the 
electron densities or other physical properties using procedures 
such as the Mulliken population analys is .1
Two important basis sets which are used heavily here were 
devised by Pople and coworkers. These basis sets are known as the 
ST0-3Q20 and 4-31G21 basis sets and u t i l i z e  Gaussian 
expanded S later type orb ita ls  (STO). The minimal basis set such 
as ST0-3G consists of one STO per atomic o rb ita l (inner shell 
through valence); a linear combination of three Gaussian functions 
represents each STO. Extended basis set such as 4-31G possess one 
STO per inner atomic shell and two STO's per valence atomic shell. 
For basis sets of the extended type, the f i r s t  number in the name 
stands for the number of Gaussian functions used to represent the 
inner shell STO's, while the second and th ird  numbers represent 
the number of Gaussian functions used in the expansion of the two 
STO's forming each valence she ll.
As the sophistication of the basis set increases, so also does 
the accuracy of the to ta l energy and the time necessary to perform 
the calculation. However within the confines of the HF theory a 
l im it  to this improvement does exist called the Hartree-Fock 
l i m i t . 10 The energy obtained by a calculation even at the HF 
l im it  is not exact, and the difference between the HF energy and
the true n o n -re la t iv is t ic  energy has come to be known as the 
instantaneous correlation energy. The name derives from the fact 
that HF theory does not take fu l l  account of the correlation of 
the motions of electrons, which reduces electron repulsion between 
them. The HF l im it  can be exceeded by allowing the wave function 
to be described by a combination of S later determinants. This 
procedure is called configuration i n t e r a c t i o n . I D
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Geometry Optimizations
Implementation of the Born-Oppenheimer approximation^ to  
seperate nuclear motion from electronic motion, fixes the geometr­
ical parameters (bond lengths, bond angles, and dihedral angles) 
into a specific  arrangement. In order to compare calculated  
geometries with experimental geometries, minimum energy geometries 
are required. S e r ia l^2 and g r a d i e n t ^ 3 > 2 4  optimization  
techniques are two methods in common usage for determining 
calculated minimum energy geometries. These two methods for  
obtaining energy minimized geometries do not take into account the 
zero point v ibrational energy inherent in a l l  quantum mechanical 
systems. This s im p lif ica tion  allows the calculations  
to seek the minimum of a Morse-type potential by some analytical 
procedure without concern for the vibrational energy levels .
Serial optimization is the oldest method and employs a 
parabolic refinement technique. The well shape of most systems 
near the minimum can be approximated by a parabola. The parabolic  
refinement proceeds f i r s t  by performing three calculations at 
d if fe re n t  values of the geomtrical parameter being optimized. The 
three energies are then f i t  to a parabola and the minimum of the 
parabola is calculated. This procedure is continued un ti l  the 
energy is stationary with respect to any further geometrical 
changes. The same procedure is followed for each parameter 
in d iv id u a lly , and i t  is necessary to cycle through a l l  of the 
parameters un til an in te rn a lly  consistent geometry is attained.
Gradient optimization involves the calculation of the 
potential energy gradient with respect to the 3n-6 degrees of 
freedom of a molecule. At each ite ra t io n ,  a ll  geometrical 
parameters are adjusted until the gradients drop below some 
arb ita ry  threshold. The LaPlacian (the second derivative) is  then 
calculated to determine whether the zero is a geometrical minimiun 
or some type of maximum.
One type of potential energy maximum is a trans ition  state  
(TS), which is distinguished from other potential energy maxima by 
the existence of only one negative force constant corresponding to 
the reaction coordinate. ^  Both methods are routinely employed 
in investigation of th is type and give comparable results, except 
that i t  is extremely d i f f i c u l t  to find the TS using serial 
optimizations. Besides optimization of geometries corresponding 
to  energy minima or transition states, these methods can also be 
used to map out in teresting portions of the reaction potential 
surface.^5 /\ reaction surface is generated by freezing two or 
more geometrical parameters and optimizing the remaining 
parameters.
The Gaussian 70^2 and 80^3 systems of programs 
created by Pople and coworkers are ab in i t io  computer packages 
which perform the SCF calcuation and the geometry optimization 
procedures mentioned above. All geometrical optimizations 
described here used an automated serial optimization 
technique*^. The optimizations were considered complete for 
seria l optimization when the in i t i a l  and f in a l energies a fter  
varing a ll  degrees of freedom d iffered by less than 10~5 au's .
Gradient calculations are considered complete when a l l  of the 
gradients are less than 10"? au/A. Although the c r ite r io n  for  
completion for the two techniques seem very d i f fe re n t ,  they give 
very s im ilar results except that the gradient geometries and 
energies are b e t te r . ^
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CHAPTER I I I .  NUCLE0PHIL1C ADDITION TO ALKYNES
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Introduction
21a
Nucleophilic addition reactions to alkynes are fast and 
e f f ic ie n t  routes to many substituted alkenes and demonstrate a 
number of stereochemical trends for d if fe re n t types of 
alkynes.*"5 Simple a lk y l ,  a ry l ,  and halogenated alkynes add 
nucleophiles readily  and s te reospec if ica lly  to y ie ld  anti addition  
products, equation 3. The s ituation  is more complex with bromo
N u
NuR
and iodo alkynes because nucleophilic substitu tion , equation 4, is 
R— = = = = — x — R—  = = = _ Nu xe 4)
competitive. However anti stereochemistry is s t i l l  ohserved when 
addition occurs. The reason anti addition is preferred by these 
alkynes is unclear. Theoretical studies on the f i r s t  excited  
state^ and radical anion^ o f acetylene have shown that  
these species are t rans bent. These results suggest that the 
trans bending preference may be the reason for an t i  
s te re o s p e c if ic ity ; however, no d irect link has been established 
between bending and the stereochemical preference of nucleophilic  
additions to alkynes.*5
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Acetylenes substituted by resonance electron-withdrawing  
substituents such as cyano, carbonyls, and sulfoxides give 
variable stereochemical results depending upon the reaction  
conditions. *»9-12 j n polar solvents, anti addition is  
favored, while non-polar aprotic solvents t ip  the balance toward 
syn preference. Three mechanisms can account for the variable  
stereochemical behavior of activated alkynes: (1) Resonance
electron-withdrawing substituents may modify the reaction 
dynamics, allowing independent syn and anti reaction paths to 
coexist; (2) e q u i l ib ra t io n ^ *^  o f in i t i a l  stereospecific  
addition products could occur, with f ina l stereochemistry 
determined by the s t a b i l i t ie s  of intermediates; (3) the 
substituent could favor formation of a l inear vinyl anionic or 
2W itterion ic  in term ediate .2S11 Final product stereochemistry 
would then be determined by the preferred s ite  of protonation. 
In su ff ic ien t evidence exists to make a clear choice between these 
three mechanisms.
Another area of alkyne chemistry that is somewhat perplexing 
concerns the re la t iv e  re a c t iv i t ie s  of alkenes and. alkynes in 
nucleophilic addition reactio ns .* “5 Alkynes are c learly  more 
elec troph i1ic than analogous alkenes. However, theoretical pre­
dictions based on q u a l i ta t iv e  MO theory are at odds with this  
empirical trend. This disagreement is even more confusing 
because the same technique predicts that alkenes are better
nucleophiles than alkynes, which is generally observed experiment­
a l ly .  1*2,13 This la t t e r  trend is a general ru le ,  but does have
23
numerous exceptions. A recent review a r t ic le  by Modena and 
coworkers^ addresses these exceptions.
Three theoretica l studies are presented here which remove 
some of the mysteries associated with nucleophilic addition  
reactions to alkynes. 1) The consequences of molecular 
distortions are shown to r e c t i fy  deficiencies in q u a l i ta t iv e  MO 
theory. 2) The reaction of the hydride ion with acetylene, 
ethylene and fluoroacetylene are described, and add credence to 
the q u a lita t iv e  conclusion found in 1 ) .  3) The reaction of
ammonia with cyanoacetylene was analyzed to c la r i fy  the mechanism 
of stereochemical v a r ia b i l i ty  of nucleophilic additions to 
activated alkynes.
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Relative R ea c tiv it ie s  of Alkynes and Alkenes
The magnitude of the in teraction between two o rb ita ls  is 
inversely proportional to the energy difference between the
p h i l ic  and nucleophilic additions immediately produces a dilemma 
concerning the predicted re la t iv e  re ac t iv it ie s  of alkynes and
differences between the HOMO energies of ethylene and acetylene, 
and the LUMO of E show ethylene to have a 1 eV smaller difference  
than acetylene. This sane advantage (1 eV) is found for the 
re la t iv e  energy differences for the energies of the LUMO of 
ethylene and acetylene, and the HOMO of N. This comparison 
indicates that ethylene should be more reactive than acetylene 
toward both type of reagents. That is ,  ethylene should be both 
more e lectroph i1ic and more nucleophilic than acetylene. This 
prediction gains numerical support from a Morokuma energy 
.'decomposition a n a l y s i s ^  0 f  model nucleophilic addition  
complexes involving acetylene, _1, and ethylene, 2, The results of
in terac ting  o r b i t a l s . ^  Applying this princip le  to e lec tro -
alkenes. The experimental FMO energies for e thy lene*^
a c e t y l e n e , I? t)ie LUMO of an e lec tro p h ile , E ,l^  and the
HOMO of a nucleophile, N,19 are shown in Figure 2. The energy
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these 4-31G calculations are given in Table 1. Although both 
complexes are highly destabilized with respect to isolated  
species, the re la t iv e  destab iliza tion  of 2 is less than the 
destab ilization  of K  The advantage held by ethylene is due to 
greater CT s ta b il iza t io n  afforded the hydride ion by ethylene.
Both q u a lita t iv e  (FMO) and quantita tive  (Morokuma) analyses imply 
that ethylene should be more e lectrophi1ic than acetylene i f  
ground state molecular in teractions dictate re a c t iv i ty .
Thus, FMO theory is unable to account correctly  for the elec­
trophi l i c i t y  of the CC t r ip le  bond. Thermodynamic arguments are 
only p a r t ia l ly  successful. Vinyl anions are much more stable than 
ethyl anion,^’ 2,21 because the amount of s-character in the MO 
holding the anion lone-pair is increasesd for sp2 anions 
re la t iv e  to sp3 anions. This fact has also been demonstrated 
th e o r e t ic a l ly .22 Houk and coworkers8 showed that the 
energy for formation of the ethyl anion {CH CH ) was -23 kcal/mol 
compared to -50 kcal/mol for the vinyl anion (CHgCH- ) by 
4-31G plus 3x3 Cl. However re la t iv e  rates of product formation do 
not always follow the re la t iv e  s ta b i l i t ie s  of intermediates. An 
example of the difference between k in e t ic a lly  and thermodynamical- 
ly  preferred products is the Friede l-C ra ft  a lky la tion  of 
substituted benzenes with a lkyl ch lorides.23 These reactions 
y ie ld  ortho and para products under k inetic  control and meta 
products under thermodynamic control. These conclusions 
demonstrate the perplexing issues which must be confronted in
Table 1. 4-31G Energy Decomposition Analysis of
Model Hydride Addition Complexes.3
AE ES PL EX CT
Acetylene 30.0 -11.0 -6 .0 55.0 -7 .0
Ethylene 25.0 -12.0 -8 .0 56.0 -12.0
a) A ll values are in kcal/mol.
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order to develop a consistent explanation of nucleophilic  
additions to alkynes.
The reason that FMO theory f a i ls  in this case has i ts  origin  
in the assumption that ground state MO energies and shapes 
determine chemical behavior. In th is  case, molecular distortions  
are necessary to predict the correct re la t iv e  e lectroph i1ic i t y  of 
alkynes and alkenes. In order to study this problem computation­
a l ly ,  four d istortions of ethylene and acetylene were considered: 
CC bond stretching; one-end bending; two-end trans bending; 
two-end cis bending (Figure 3 ). The 4-31G calculated to ta l energy 
changes accompanying the four distortions for acetylene and 
ethylene are displayed graphically in Figure 4a and 4b, 
respecti ve ly .
Stretching the CC t r ip le  bond is more d i f f i c u l t  than 
stretching the CC double bond, in accord with IR da ta .23 The 
CC t r ip le  bond stretching frequency is normally between 2100 and 
2600 cm- * compared to the CC double bond stretching frequency 
which is normally between 1640 and 1680 cm“ l .  Stretching
O o
ethylene by 0.055A and acetylene by 0.074A raises the to ta l energy 
of each by 4 kcal/rnol. At the same time, the HOMO energies are 
raised by 0.46 eV and 0.35 eV, and the LUMO energies are lowered 
by 0.49 eV and 0.47 eV, respectively. Because the fro n t ie r  MO's 
of both molecules respond in an identica l manner to stretching, 
th is d isto rtion  can be ruled out as that reponsible for the 
enhanced e le c tro p h i l ic i ty  of alkynes.
cis trans
normal
H-
H one center
H -------------------------
Hi
stretch
H'
CI S trans
H- -H
normal
-H
one center
H*
stretch
Figure 3. The Four Molecular D istortions of Acetyl 
Ethylene.
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Figure 4a. Changes in Total Energies for the Four Distortions  
of Acetylene (D* represents four equal CC bond 
stretchs or <CCH angle bend in going from acetylene's 
to  ethylene's geometry.
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Figure 4b. Changes in Total Energies fo r  the Four Distortions
*
of Ethylene (D represents four equal CC bond stretches 
or <CCH angle bend in going from ethylene's  
to ethane's geometry).
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While CC stretching does not account for the surprising  
electroph i1ic i t y  of acetylene, the bending modes do. Bending 
causes the LUMO of acetylene to drop in energy two to three times 
fas te r  than the LUMO of ethylene. Bending also causes smaller 
increases in to ta l energy and smaller changes in HOMO energies 
than stretching. Bending, unlike stretching, can selectively  
increase CT s ta b il iz a t io n  and reduce EX repulsion.
The response of the MO energies of ethylene and acetylene to 
the bending modes are correlated using the symmetry properties of 
the MO's in the undistorted and distorted molecular geometries. 
When the molecular symmetry of a molecule is changed, MO's which 
were o r ig in a lly  members of d if fe re n t representations mix to form 
new MO's. The e ffects  of mixing on the MO's of ethylene and 
acetylene are depicted in the Walsh-type correlation  
diagrams^4 for the cis and trans bending modes shown in 
Figures 5a and 5b, respectively. The MO's of acetylene and 
ethylene are labeled in accord with the and the Dgh 
point groups, respectively. The MO's of the trans and cis bent 
geometries of acetylene and ethylene are c lass if ied  with respect 
to the C2h ar|d Cgv Point groups, respectively .
A ll the MO shapes and energies of ethylene and acetylene 
change upon bending; however changes in the FMO's of both mole­
cules are of primary importance. The correlation diagrams clearly  
show the LUMO energy of acetylene to be much more sensitive to 
bending than the LUMO energy of ethylene. This larger s e n s it iv ity
33
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Figure 5a. Walsh Diagrams for Cis and Trans Bent Acetylene
(solid  line is trans bent, dashed line is c js  bent).
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Figure 5b. Walsh Diagrams for Cis and Trans Bent Ethylene
(solid  line is trans bent, dashed line is  c is  bent).
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of the LUMO of acetylene to bending is the result of smaller 
energy differences between the LUMO and o* MO of the same 
symmetry. Because each bend produces a geometry of d if fe ren t  
symmetry, the FMO's mix with d if fe re n t sets of a and a*  MO's.
In the case of trans bending, the MO responsible for s t a b i l i ­
zation of the LUMO of acetylene, the 4ag MO, is 1.0 eV closer 
in energy to the tiqq o rb ita l  than the equivalent MO of 
ethylene, the 3b3U MO, is to the hqc o r b i ta l .  The HOMO of 
ethylene and acetylene remain essentia lly  constant with increasing 
amounts of trans bending. This phenomenon arises from the com­
peting s ta b il iz a t io n  and destab iliza tion  of the HOMO by mixing 
with o* and o MO's, respectively. The same trends are seen 
fo r  cis bending, except the e ffects  are even more pronounced. The 
3ou MO of acetylene is  2 .7 eV lower than the equivalent 
ethylene MO, the 4ag, and thus causes a more pronounced LUMO 
lowering. However in the case of cis bending, the a orb ita ls  are 
closer in energy to the HOMO than the appropriate a* o rb i ta ls .
Thus the HOMO is increased in energy causing a concurrent increase 
in the d is to rt ion  energies for cis bending e ith er  molecule 
re la t iv e  to trans bending. One-center bending causes the same 
type of e f fe c ts , but the magnitude of the e ffects  is much reduced 
re la t iv e  to two-center bends.^ This s ta b il iza t io n  of the 
LUMO of acetylene and ethylene upon bending promotes greater 
interaction with the HOMO of an approaching nucleophile. The fact 
that the LUMO o f acetylene is affected energetica lly  more than the
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LUMO of ethylene, suggests that acetylene may be as e lec tro ph i1ic  
or more e le c tro p h il ic  than ethylene.
Cis bending has the greatest influence on the e lec troph i1i -  
c ity  of acetylene, but the cost in to ta l energy is much more 
severe than in the case of the other two bends. One-center bend­
ing has the smallest e ffec t on the to ta l energy, but the increase 
in the e le c tro p h il ic  properties of acetylene are also less than 
those aris ing from cis or trans bending. Trans bending has an 
intermediate e ffe c t  on both the to ta l and LUMO energy. From this  
q u a lita t iv e  comparison, trans bending is the d istortion best 
suited to accomodate an approaching nucleophile. D istortion  
effects and analyses s im ilar  to these have been done independently 
for e th y le n e ^ ,27 yhese effects imply that molecular 
distortions are responsible for changing an apparently poor 
electrophile  into a f a i r ly  active one.
Another in teresting consequence of bending which magnifies 
the increase in e lectroph i1ic i ty  of acetylene is the d r i f t  of 
electron density away from the carbon atoms onto the hydrogen 
atoms. For a 30° trans bend, the charge on the carbon atoms of 
acetylene change from -0 .34  to -0 .2 4 ,  while an equivalent bend of 
ethylene has no e ffec t  on the carbon atom electron densities.
This d r i f t  of electron density in the case of acetylene is due to 
the larger hydrogen coeffic ients  in the a* MO's re la tive  to 
those in a*  o rb ita ls  of ethylene. This fact is evident in the 
MO contour maps^ of LUMO's of both molecules for the cis and
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trans bends (Figure 6 ) .  The maps sliow the LUMO's of acetylene to 
have larger hydrogen coeffic ients  than the analogous LUMO's of 
ethylene.
The s ta b il iza t io n  of the o rb ita l of HXXH type 
molecules upon bending was used by Walsh2  ^ in the 1950's to 
ra tio n a lize  q u a l i ta t iv e ly  the preferred geometries for these types 
of molecules. Others have also noticed this e f fe c t ,  but the 
information was used to explain other properties of acetylene such 
as the geometrical preferences of the excited states® and the 
radical anion of a c e t y l e n e ,  ^ or the geometries of acetylene 
during an e le c tro p h il ic  addition re ac tio n .29 No direct  
comparison has been made between ethylene and acetylene in 
nucleophilic addition reactions.
Molecular distortions are responsible for the a b i l i t y  of 
acetylene to surpass ethylene in e le c t ro p h i l ic i ty .  The bending 
modes are energetica lly  fa c ile  and resu lt in a two to three times 
greater s ta b il iza t io n  of the LUMO of acetylene than the LUMO of 
ethylene. The bending d istortion  should be important to both 
molecules during a nucleophilic addition because these distortion  
can decrease s te r ic  interactions as well as increase CT 
s ta b il iz a t io n . Comparing the three bending modes shows that trans 
bending should be the best d istortion for promoting nucleophilic  
additions to alkynes because trans bending can maximize H0M0-LUM0 
interactions and minimize the energy cost of d is to rting  acetylene. 
These conclusions find fu l l  support in the theoretical studies of
Trans Bent Ethylene Trans Bent Acetylene
 \
^■1
VvLJ V; r.7>^
Cis Bent Ethylene Cis Bent Acetylene
Figure 6. HO Contour Maps for the LUMO's of Ci_s and Trans 
Bent Acetylene and Ethylene.
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the addition reactions between the hydride ion and ethylene, 
acetylene, and fluoroacetylene.
40
Hydride Ion Addition to  Ethylene, Acetylene, and Fluoroacetylene
The considerations of bending effects  on the FMO energies 
provided several q u a l i ta t iv e  predictions regarding nucleophilic  
additions to alkynes. However, a theoretica l examination of a 
real nucleophilic addition was required to ascertain the degree to 
which bending p a rt ic ip a te s . This test was realized in the study 
of the addition of the hydride ion to ethylene and acetylene. A 
p a rt ia l study of the reaction of th is  nucleophile with 
fluoroacetylene is also reported, but the d e ta ils  w il l  appear 
a f te r  the results of the f i r s t  two reactions are given.
Calculations on the addition of the hydride ion to ethylene 
and acetylene were f i r s t  attempted at the ST0-3G le v e l.  Unfortu­
nately, preliminary results using th is  basis set showed that both 
additions occured without ac tiva tion . Small basis sets l ik e  
ST0-3G often show no activation barrier for reactions involving  
hard compact ions such as the hydride ion because of an effect  
known as basis set superposition e r r o r . T h i s  e ffec t  allows 
each semi-isolated system to tre a t  the orb ita ls  of the other 
system as i f  the o rb ita ls  of the second molecule were polarization  
o rb ita ls ,  thus causing a computational s ta b i l i ty  not inherent to 
the real system. This problem was eliminated by implementation of 
the more accurate 4-31G basis set. This basis set has been shown 
to y ie ld  f a i r  results for anionic s p e c i e s . S i n g l e  point
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4-31G plus 3x3 CI calculations were performed on important fina l  
structures for improved energy comparisons.
The approach of the hydride ion toward each molecule was 
considered possible along three tra je c to r ie s  corresponding to the 
three bending modes. These six addition pathways are shown in 
Figure 7. Because the hydride ion is a very strong base, 
unrestricted approach of this nucleophile toward e ither  molecule 
resulted in deprotonation rather than addition. To avoid this  
complication, the reactions were analyzed in reverse by f i r s t  
locating possible anionic intermediates. Three isomeric vinyl and 
ethyl anions were found and are designated as follows: 1) anti 3a
and 4a/, 2) l inear 3b and planar 4b; and 3) syn 3c and 4c_. The syn 
and anti vinyl anions are id en tic a l,  but the d istinction  w i l l  be
3a 3b
H
3c
4a
©
H
4c__ 4b __
maintained for convenience, because these species d i f fe r  before 
the anions are f in a l ly  formed. The tra je c to r ies  were produced by
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Figure 7. Three Approaches of Hydride to Acetylene and Ethylene
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a systematic removal of a hydride ion from each anion. The 
carbon-hydride distance was fixed at 1.3A, 1.5A, 1.75A, 2.0A, and 
2.2A^2 while a l l  remaining degrees of freedom were relaxed.
The to ta l energies and re la t iv e  energies for the vinyl anions and 
th e ir  associated reaction profiles  are tabulated in Tables 2-4 and 
displayed graphically in Figure 8. The to ta l and re la t iv e  
energies for the ethyl anions and reaction profiles  are given in 
Table 5-7 and Figure 9. Along with the optimized 4-31G energies, 
the optimized ST0-3G energies are reported for comparison 
purposes. The 4-31G and ST0-3G geometries of the anionic species 
and the points along the tra jec to ry  are reported in Tables 8-10 
and 11-13 for acetylene and ethylene, respectively.
The energies and geometries of the ethyl and vinyl anions re­
ported here are identical to results obtained in previous 
studies,33,34 ancj were done s t r ic t ly  for completeness. The 
re la t iv e  energies of the vinyl anions show the linear form to be 
37 kcal/mol^^ less stable than 3a_ or 3£. Structure 3b 
represents the TS geometry for isomerization of 3a_ and 3c by 
inversion. The re la t iv e  energies of the ethyl anions show that  
4c is  more stable than e ith e r  4^ or 4b by 3.4 kcal/mole and 7.9  
kcal/mol, respectively. Because the syn and anti ethyl anions are 
energetically  d i f fe re n t ,  the linear isomer 4b represents a point 
near the TS geometry for inversion and is not the actual TS. 
Another conclusion gleaned from the re la t ive  energies of the ethyl 
and vinyl anions is the theoretical manifestation of the
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Table 2. Total Energies of the Linear Trajectory  
fo r  Hydride Addition to Acetylene.3
Rch(A) ST0-3G//ST0-3G 4-31G//ST0-3G 4-31G//4-31G
E
T
E
rel
E
T
E
rel
E
T
E
rel
1.125 -76.15620 -88 .8 -77.15460 -13.9 -77.15659
1.3 -76.13954 -78.3 -77.14666 -8 .9 -77.14848 -9 .2
1.5 -76.11052 -60.1 -77.13265 -0 .7 -77.13436 -0 .3
1.75 -76.07516 -37 .9 -77.12174 6.7 -77.12395 6.2
2.0 -76.04828 -21.0 -77.11903 8.4 -77.12286 6.9
2.25 -76.03048 -9 .8 -77.12238 6.3 --------- —
□0 -76.01481 0.0 -77.13244 0.0 -77.13385 0.0
a) Total energies are in Hartrees. Relative energies are in kcal/mol.
Table 3. Total Energies.of the Anti T ra jec to ry
fo r  Hydride Addition to Acetylene.3
O
r CH-(A) ST0-36//ST0-3G 4-31G//ST0-3G 4-31G//4 -31G
E E E E E E
T rel T rel T rel
1.098 -76.23303 -136.9 -77.21298 -50.5 -77.21391 -50.2
1.3 -76.21021 -122.6 -77.19801 -41.1 -77.19890 -40.8
1.5 -76.16754 -95 .8 -77.17280 -25.3 -77. 1.7387 -25.1
1.75 -76.11191 -60.9 -77.14538 -8 .1 -77.14731 -8 .5
2.0 -76.06594 -32.1 -77.12806 2.7 -77.13169 1.4
2.25 -76.03461 -12.4 -77.12290 6.0 -77.12888 3.1
C0 -76.01481 0.0 -77.13244 0.0 -77.13385 0.0
a) Total energies are in Hartrees, Relative energies are in kcal/mol.
Table 4, Total Energies of the Syn T ra jec to ry
fo r  Hydride Addition to Acetylene.3
O
Rch(a ) ST0-3G//ST0-3G 4-31G//ST0 -3G 4-31G//4- 31G
E E E E E E
T rel T rel T rel
1.091 -76.23303 -136.9 -77.21298 -50.5 -77.21391 -50.2
1.3 -76.20873 -121.7 -77.19614 -40 .0 -77.19684 -39.5
1.5 -76.16348 -93.3 -77.16791 -22.3 -77.16850 -21.7
1.75 -76.10312 -55.4 -77.13539 -1 .9 -77.13626 -1 .5
2.0 -76.05206 -23.3 -77.11312 12.1 ------------- —
a> -76.01481 0.0 -77.13244 0.0 -77.13385 0.0
a) Total energies are in Hartrees. Relative energies are in kcal/mol.
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Figure 8. 4-316 Relative Energy Profiles  for Hydride Addition
to Acetylene (open symbols represent 4-316 
calculations of the ST0-3G re su lts ) .
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Table 5. Total Energies of the Planar Trajectory
for Hydride Addition to Ethylene.3
ST0-3G//ST0-3G 4-31G//ST0--3G 4-31G//4- 31G
E E E E E E
T rel T rel T rel
1.132 -77.39541 -102.2 -78.36827 -15.1 -78.36866 -15.1
1.3 -77.38132 -93.4 -78.36135 -10 .7 -78.36166 -10.7
1.5 -77.35048 -74.0 -78.34860 -2 .7 -78.34931 -3 .0
1.75 -77.31306 -50.6 -78.33922 3.2 -78.34125 2.1
2.0 -77.28435 -32 .5 -78.33769 4.1 -78.34156 1.9
2.2 -77.26796 -22.2 ------ — -78.34499 -0 .3
oo -77.23251 0.0 -78.34424 0.0 -78.34459 0.0
a) Total energies are in Hartrees. Relative energies are in kcal/mol.
Table 6. Total Energies of the Anti T ra jec to ry
fo r  Hydride Addition to E thylene.3
Q
rch<a > ST0-3G//ST0-3G 4-31G//ST0 -3G 4-31G//4-31G
E E E E E E
T rel T rel T rel
1.117 -77.42840 -122.9 -78.37932 - 22.0 -78.38126 -23.0
1.3 -77.40790 -110.1 -78.36883 - 15.4 -78.37127 -16.7
1.5 -77.36758 -84 .8 -78.35083 -4 .1 -78.35465 -6 .3
1.75 -77.31917 -54 .4 -78.33847 3.6 -78.34328 +0.8
2.0 -77.28593 -33.5 -78.33809 3.9 -78.34237 + 1.1
2.2 -77.26857 -22 .6 — -78.34535 -0 .5
OP -77.23251 0.0 -78.34424 0.0 -78.34459 0.0
a) Total energies are in Hartrees. Relative energies are in kcal/mol.
Table 7. Total Energies o f the Syn Tra jec to ry
fo r  Hydride Addition to Ethylene.3
Rch(A) ST0-3G//ST0-3G 4-31G//ST0-3G 4-31G//4-■31G
E E E E E E
T rel T rel T rel
1.102 -77.42283 -119.4 -78.37377 -18.5 -78.37578 -19 .6
1.3 -77.40050 -105.5 -78.35991 -9 .8 -78.36274 -11.4
1.5 -77.35728 -78.3 -78,33797 +3.9 ----------------- —
1.75 -77.31306 -50 .5 -78.33922 +3.2 ----------------- —
CO -77.23251 0.0 -78.34424 0.0 -78.34459 0.0
a) Total energies are in Hartrees. Relative energies are in kcal/mol.
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Figure 9. 4-31G Relative Energy Profiles for Hydride Addition
to Ethylene {Open symbols represent 4-31G calculations  
of the STU-3G re s u lts ) .
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Table 8. Geanetries of the Linear Trajectory for Hydride
Addition to Acetylene.3
R R R <a <y
CC CHa Ob
1.300(1.262) 1.052(1.048) 1.125(1.125) 126.8(127.6) 126.8(127.6)
1.284(1.248) 1.051(1.048) 1.109(1.118) 126.8(127.4) 129.9(130.1)
1.262(1.232) 1.050(1.049) 1.090(1.108) 126.7(126.8) 134.6(133.3)
1.236(1.214) 1.050(1.051) 1.068(1.096) 126.3(125.7) 142.7(138.2)
1.215(1.200) 1.049(1.053) 1.048(1.085) 126.3(124.0) 154.9(144.4)
—  (1.189) —  (1.056) —  (1.074) —  (122.0) —  (153.0)
a) Values are 4-31G with ST0-3G in parenthesis.
Table 9. Geuietries of ttie M i Trajectory for Hydride Addi tion to Acetylene.3
1,098(1.093) 1.350(1.331) 1.127(1.127) 1.091(1.09(1) 127.5(128.3) 108.8(105.8) 121.3(122.0)
1.3 (1.3) 1.339(1.323) 1.117(1.121) 1.085(1.090) 127.2(128,4) 110.7(107.1) 124.6(124.2)
1.5 (1.5) 1.322(1.311) 1.105(1.115) 1.077(1.088) 126.9(128,1) 113.5(108.9) 128.9(126.8)
1.75 (1.75) 1.292(1.291) 1.088(1.105) 1.067(1.086) 126.3(127.9) 119.4(112.8) 135.8(130.5)
2.0 (2.0) 1.255(1.263) 1.070(1.093) 1.056(1.083) 126.1(127.3) 131.4(120.2) 145.4(135.2)
2.15 ( 2.25) 1.220(1.222) 1.055(1.074) 1.044(1.077) 127.9(125.6) 151.3(137.6) 158.0(143.3)
a) Values are 4-31G with ST0-3G in parenthesis.
H
ITable 10. Geometries of the Syn Trajectory for Hydride Addition to Acetylene.3
R R R <a < & <YCH CC CHa CHb
1.091(1.090) 1.350(1.331) 1.127(1.127) 1.098(1.093) 121.3(122.0) 108.8(105.8) 127.5(128.3)
1.3 (1.3) 1.341(1.324) 1.126(1.125) 1.090(1.092) 120.8(121.5) 108.4(105.4) 130.9(130.9)
1.5 (1.5) 1.326(1.315) 1.122(1.122) 1.082(1.091) 120.4(120.7) 108.6(105.5) 135.2(134.1)
1.75 (1.75) 1.301(1.297) 1.109(1.116) 1.071(1.087) 120.2(119.4) 111.4(107.1) 142.1(139.2)
2.0 (2.0) —  (1.262) —  (1.100) —  (1.082) - -  (117.7) —  (116.0) —  (146.8)
a) Values are 4-31G with STO-3G in parenthesis.
HaHb
<J1
Table 11. Geometries of the Planar Trajector7 for Hydride to Ethylene3
1.132(1.124) 1.488(1.482) 1.080(1.066) 1.102(1.101) 119.5(119.6) 120.7(120.1) 129.4(130.2) 52.4(52.2)
1.3 (1.3) 1.459(1.457) 1.079(1.067) 1.096(1.101) 120.9(120.5) 121.0(120.5) 133.0(132.6) 53.2(52.8)
1.5 (1.5) 1.422(1.424) 1.079(1.068) 1.087(1.098} 122.0(120.9) 121.4(120.9) 139.2(136.4) 54.6(53.6)
1.75 (1.75) 1.381(1.390) 1.077(1.071) 1.075(1.093) 123.1(120.5) 121.7(121.4) 149.9(142.4) 56.2(54.9)
2.0 (2.0) 1.352(1.365) 1.077(1.073) 1.068(1.087) 124.9(119.5) 122.0(121.8) 163.1(150.3) 57.2(56.2)
2.2 (2.2) 1.338(1.350) 1.076(1.075) 1.065(1.084) 128.2(118.8) 122.1(122.0) 172.9(158.0) 57.2(56.9)
a) Values are 4-31G with ST0-3G parenthesis.
H
ITable 12. Geometries of the Anti Trajectory for Hydride Addition to Ettylene9
R R <a <0 <&'CH CC CHa Ob
1.117(1.103) 1.544(1.571) 1.113(1.112) 1.096(1.094) 119.4(118.3) 120.0(109.7) 125.9(127.4) 52.3(50.7) 52.8(52.7) 
1.3 (1.3) 1.506(1.545) 1.104(1.108) 1.092(1.096) 121.0(119.9) 125.8(112.6) 129.9(129.3) 53.4(51.3) 53.4(53.0)
1.5 (1.5) 1.451(1.503) 1.092(1.100) 1.085(1.096) 122.3(121.3) 137.1(118.4) 136.3(132.2) 55.2(52.4) 54.5(53.5)
1.75 (1.75) 1.390(1.431) 1.081(1.086) 1.076(1.093) 123.3(122.0) 157.5(134.4) 148.1(138.1) 57.4(55.1) 56.2(54.6)
2.0 (2.0) 1.355(1.374) 1.078(1.076) 1.068(1.088) 124.9(120.6} 168.7(158.4) 162.0(147.7) 57.8(57.5) 57.3(56.0)
2.2 (2.2) 1.339(1.352) 1.077(1.075) 1.066(1.084) 128.1(119.3) 173.3(169.1) 171.9(156.5) 57.8(57.8) 57.2(56.8)
a) Values are 4-31G with ST0-3G in parenthesis.
H
tnCT>
Table 13. Geometries of tbe Syn Trajectory for Hydride Addition to Ethylene.3
1.102(1.099) 1.556(1.588) 1.108(1.110)1.101(1.095) 113.6(112.9) 121.1(110.1) 132.3(133.6) 52.4(50.5) 52.5(52.5)
1.3 (1.3) 1.511(1.566) 1.099(1.107) 1.096(1.097) 116.2(113.8) 127.5(111.3) 135.8(136.1) 54.0(51.0) 53.1(52.8)
1.5 (1.5) —  (1.522) —  (1.100) —  (1.097) —  (114.7) —  (115.8) —  (139.7) -  (52.2) -  (53.3)
1.75 (1.75) —  (1.390) —  (1.071) —  (1.093) —  (120.5) —  (179.9) —  (142.5) ~  (58.6) -  (54.9)
a) Values are 4-31G with ST0-3G in parenthesis.
H
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thermodynamic re la t iv e  s t a b i l i t ie s .  Both basis sets c learly  
assign a greater energy of reaction to the addition of the hydride 
ion to acetylene. The fact that Jb^  and 4b do not represent stable 
anions removes the linear and planar p ro files  from further  
consideration as potentia l minimum energy pathways.
The syn pathways are also easily  eliminated from considera­
tion because both syn pathways abruptly jump onto the correspond- 
ing anti p ro fi les  at about 1.8^ as indicated by the syn contours 
in Figures 8 and 9. That is ,  an isoenergetic path connects the 
syn tra je c to ry  to the anti t ra je c to ry  at constant carbon-hydride 
distance. The inherent preference for trans bending of acetylene 
is manifested when the hydride-acetylene interaction becomes 
feeble.
From an analysis of the reaction profiles  for anti addition ,  
the 4-316 ca lcu la tions , unlike the ST0-3G caluclations, show a 
potentia l energy maximum for both reactions (symbolized by an x in 
Figure 8 and 9 ) .  Gradient calculations using the two geometries 
nearest the apices confirmed the existence of a TS for each anti 
t ra je c to ry .  The TS geometries are shown in Figure 10. The 
calculated 4-31G and 4-31G+(3x3)CI re la t iv e  energies for the vinyl 
and ethyl anions and the TS's are given in Table 14.
The calculated activation  energies reveal that the addition  
of the hydride ion to ethylene is s l ig h t ly  easier than addition to 
acetylene at the 4-31G le v e l .  However configuration interaction  
reverses this conclusion, favoring acetylene by a small margin.
k 127°
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Figure 10. 4-31G Transition Structures for Hydride Addition to Acetylene and Ethylene.
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Table 14. 4-31G and 4-31G+(3x3)CI Energies
of Anions and Transition States Relative to 
Reactants.3
E (+CI) E (no Cl) 
re l rel
H2C2 + H"
TS 16.7 3.2
Vinyl anion -34 .8  -50 .5
^4^2 +
TS 16.6 1.9
Ethyl anion -2 .0  -23 .0
a) Relative energies are in kcal/mol.
The improvement of the to ta l energy of acetylene re la t iv e  to 
ethylene is responsible for the s ligh t preference acetylene enjoys 
at the 4-31G+(3x3)CI le v e l.  This trend indicates that as the 
sophistication of the calculation improves the advantage alkynes 
have over alkenes w i l l  also improve.
Concurrent with these investigations, Fukunaga and 
caworkers3  ^ also analyzed the addition of hydride ion to 
acetylene. These authors employed an extended basis set which 
included diffuse s -o rb ita ls  on the anionic centers and SCEP 
correlation energy corrections. The results of this study 
provided complete agreement with the results obatined here. Only 
one TS was located corresponding to anti addition. The activation  
energy (16 kcal/mol) was almost id e n t ic a l,  and the TS 
geometry3® was s l ig h t ly  la te r .  The major difference between 
the two studies was in the calculated enthalpy of reaction which 
was -26 kcal/mole for the more sophisticated ca lculation.  
Eisenstein and coworkers3? have also reported s im ilar results  
for the same reaction.'
An in teresting  side l ig h t to the 4-31G results comes from a 
comparison of the ST0-3G and 4-31G resu lts . Although a l l  the 
ST0-3G p ro fi les  show no barrier to reaction (Figures 11 and 12),  
the energetic ordering of the contours does agree with the 4-31G 
results . When single point 4-31G calculations of each ST0-3G 
contour are compared to the 4-31G contours, the resemblance 
becomes extremely close. Both sets of contours (Figures 8 and 9)
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Figure 12. ST0-3G Relative Energy Profiles for Hydride Addition 
to Ethylene.
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c lea rly  show activation barriers at nearly the identica l point. 
ST0-3G calculations also show the same energetic trends with anti 
addition favored over syn, the syn path changes to a n t i , and the 
reaction energy (AE) shows the vinyl anion to be more stable than 
the ethyl anion. The large increase in reaction exothermicities  
is common for the ST0-3G basis in comparison to 4-31G v a l u e s . ^  
The paralle lism  demonstrated for the ST0-3G and 4-31G basis 
sets were used as ju s t i f ic a t io n  for use of the ST0-3G calculations  
backed up by single point 4-31G calculation in studying hydride 
ion addition to fluoroacetylene. This reaction was studied in 
order to demonstrate that anti addition is favored by halogenated 
alkynes and to explain the reg iose lec tiv ity  of alkynes substituted 
by inductive electron-withdrawing groups. The reaction was 
investigated along four pathways: syn and anti fo r  both a-carbon
and 6-carbon attacks. The results of these calculations are 
tabulated in Tables 15-18 and displayed graphically in Figure 13. 
The geometries for the four contours are tabulated in Tables 
19-20. The reaction pro files  indicate that this reaction adheres 
to the same stereochemical trends observed in the previous 
reaction. Although the syn pathways have not reverted to the anti 
pathways at <2.0^, the steepness of the syn contours re la t iv e  to 
the anti contours do indicate that this phenomenon is imminent.
The data also demonstrate the 6 directing properties of the fluoro 
substituent, i . e . ,  the anti B-addition contour is lower in energy 
than the anti a-addition contour.
Table 15. Total Energies of the Syn
a T ra jec to ry  fo r  Hydride Addition to
E luoroacety lene.3
O
rchCA) ST0-3G//ST0-3G 4-31G//ST0 -3G
E E E E
T rel T rel
1.096 -173.71084 -153.9 -175.97456 -89.2
1.3 -173.68781 -139.4 -175.95278 -75 .6
1.5 -173.64287 -111.2 -175.91866 -54.2
1.75 -173.58188 -72 .9 -175.87796 -28 .6
2.0 -173.52895 -39.7 -175.84740 -9 .5
00 -173.46567 0.0 -175.83234 0.0
a} Total energies are in Hartrees. Relative
energies are in kca l/m ol.
Table 16. Total Energies of the Anti
a T ra jec to ry  fo r  Hydride Addition to
FIuoroacety lene,a
Rch(A) ST0-3G//ST0-3G 4-31G//ST0-3G
E E E E
T rel T rel
1.101 -173.70861 -152.4 -175.97161 -87.4
1.3 -173.68770 -139.3 -175.95228 -75.3
1.5 -173.64619 -113.3 -175.92171 -56.1
1.75 -173.59111 -78.7 -175.88682 -34.2
2.0 -173.54423 -49.3 -175.86121 -18.1
CO -173.46567 0.0 -175.83234 0.0
a) Total energies are in Hartrees. Relative
energies are in kcal/m ol.
Table 17. Total Energies o f the Syn
6 T ra jec to ry  fo r  Hydride Addition to
FIuoroacetylene.3
Rch(A) ST0-3G//ST0-3G 4-31G//ST0-■3G
E E E E
T rel T rel
1.081 -173.72658 -163.7 -175.98733 -97.3
1.3 -173.69883 -146.3 -175.96587 -83.8
1.5 -173.64960 -115.4 -175.93144 -62.2
1.75 -173.58291 -73 .6 -175.88874 -35.4
2.0 -173.52354 -36.6 -175.85237 -12.6
tt -173.46567 0.0 -175.83234 0.0
a) Total energies are in Hartrees. Relative
energies are in kcal/mol.
Table 18. Total Energies o f the Anti
8 Trajectory for Hydride Addition to
Fluoroacetylene.3
O
RCh (A) ST0-3G//ST0-3G 4-31G//ST0-3G
E E E ET rel T rel
1.085 -173.72658 - 163.7 -175.98733 -97.3
1.3 -173.70093 - 147.6 -175.96739 -84 .7
1.5 -173.65462 - 118.6 -175.93505 -64.5
1.75 -173.59308 -80 .0 -175.89599 -39 .9
2.0 -173.54013 -46.7 -175.86464 -20.3
OO -173.46567 0.0 -175.83234 0.0
) Total energies are in Hartrees. Relative
energies are in kcal/mol.
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Table 19. Geometries o f the Syn and Anti
a T ra je c to rie s  fo r  Hydride A ddition to
FI uoroacety lepe.3
Syn
R
CH
R
CC
R
CF
R
iCHa
1.096 1.319 1.404 1.120
1.3 1.314 1.396 1.118
1.5 1.307 1.387 1.116
1.75 1.293 1.375 1.111
2.0 1.259 1.365 1.094
Anti
1.101 1.320 1.400 1.117
1.3 1.314 1.391 1.113
1.5 1.305 1.381 1.107
1.75 1.288 1.368 1.099
2.0 1.267 1.356 1.089
a) Value are ST0-3G.
%
' v } V
Syn
< a < 8 < Y
124.7 127.9 105.8
124.0 130.2 105.6
123.1 133.1 105.8
121.8 137.6 107.5
120.0 144.6 117.4
130.7 122.3 105.1
130.7 124.2 106.3
130.4 126.6 108.1
130.0 129.9 111.7
129.5 133.7 118.0
Anti
Table 20. Geometries o f the Syn and Anti
3 T ra je c to r ie s  fo r  Hydride A dd ition  to
F luo roace ty lene .3
Syn
R R R
Oj II
R < a < e < Y
CH
1.081
CC
1.346
CF
1.408
CHa
1.085 120.7 108.4 126.8
1.3 1.343 1.409 1.086 119.9 108.1 129.6
1.5 1.338 1.409 1.085 118.8 108.0 132.7
1.75 1.329 1.409 1.083 117.1 ■ 108.8 137.7
2.0 1.309 1.405 1.080 114.5 112.2 145.3
1.085 1.346 1.408
Anti
1.081 126.8 108.4 120.7
1.3 1.340 1.404 1.082 126.5 109.6 122.9
1.5 1.330 1.399 1.081 126.1 111.1 125.3
1.75 1.319 1.391 1.081 126.1 114.2 128.2
2.0 1.297 1.381 1.080 126.6 119.1 131.1
a) Values are ST0-3G.
F
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The theoretical results obtained from the three reactions 
described above add support to the q u a lita t iv e  observations put 
fo rth  in the preceding section. Morokuma energy decomposition 
analyses2® were again used to contrast and assess the re la t iv e  
e le c tro p h i l ic i ty  of ethylene and acetylene during a nucleophilic  
addition reaction. Table 21 gives the results of the decomposi­
tion technique for each TS and two model complexes. The models
O
have the hydride ion placed 2.0A above ethylene and acetylene in 
th e ir  mutual TS geometries. The results of the Morokuma
O
calculations were compared to the results of the 2.0A hydride 
undistorted molecular complexes. The large decrease in AE for the 
distorted complexes is a consequence of the large decrease in EX 
and the large increase in CT. Undistorted acetylene shows a 5 
kcal/mol disadvantage over undistorted ethylene while upon 
distorted acetylene gains a 3 kcal/inol advantage over d istortion  
ethylene. This advantage even survives the additional 4 kcal/mol 
worth of energy needed to d is to rt  acetylene re la t iv e  to ethylene. 
The TS decompositions give acetylene the same 3 kcal/mol edge, but 
the reason is due primarly to the drastic decrease in EX for 
acetylene TS re la t iv e  to the ethylene TS.
Computational support for the q u a lita t iv e  implications of 
fa c i le  molecular distortions and the effects such distortions  
impart to chemical re a c t iv i ty  is very apparent from the studies 
described above. Acetylene's hidden ta len t as an e lectrophile  
becomes apparent upon considering the ramifications of bending.
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Table 21. 4-31G Energy Decomposition Analysis for Transition
States and Model Addition Complexes.3
DIS AE ES PL EX CT
Acetylene l a 0.0 30.0 -11.0 -6 .0 55.0 -7 .0
Acetylene 2^ 11.0 -8 .0 -15.0 -12 .0 41.0 -22.0
TS Acetylene 11.0 -8 .0 -9 .0 -10 .0 28.0 -17.0
Ethylene l c 0.0 25.0 -12.0 -8 .0 56.0 -12.0
Ethylene 2^ 7.0 -5 .0 -11.0 -13 .0 41.0 -23.0
TS Ethylene 7.0 -5 .0 -18.0 -14 .0 55.0 -29.0
a) All energies are in kcal/mol. 0
b) Complex between undistorted acetylene and hydride at 2b0A*
c) Complex between distorted acetylene and hydride at 2.0A*
d) Complex between undistorted ethylene and hydride at 260A*
e) Complex between distorted ethylene and hydride at 2.0A’
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Not only does bending enhance the e le c tro p h i l ic i ty  of alkynes but 
the re la t iv e  cost in to ta l energy of the bending distortions  
ultim ate ly  dictates the anti stereochemical outcome of nucleo- 
p h il ic  addition reactions to simple a lk y l ,  a ry l ,  and halogenated 
acetylenes. Trans bending also allows a 127° attack angle (CCH 
angle) fo r  acetylene which is very near the 124° found in addition 
to  ethylene. In e le c tro p h i1ic  addition to ethylene and acetylene, 
bending should not be very important, since protonation of 
acetylene and ethylene leaves these molecules essentia lly  linear  
and planar, re sp ec tive ly .^2,39,40 yhe carbon-hydride distance 
for the TS of acetylene occurs e a r l ie r  (2.133A) than for the TS of 
ethylene (1.894&), in agreement with the Hammond postu la te^  
which states that the more exothermic a reaction the more reactant 
l ik e  the TS. However the TS structure of acetylene also tends to 
support the opposite contention because the amount of distortion  
in the acetylenic moiety at the TS make i t  look more product-like  
(alkene-1ike) than re ac ta n t- l ike  (a lk y n e - l ik e ) .  This dual 
behavior of acetylene is probably due to the great amount of 
bending f l e x i b i l i t y  b u i l t  into the CC t r ip le  bond. Thus, trans 
bending removes much of the mystery associated with the reac tiv ity  
and stereochemistry of simple a lk y l ,  a ry l ,  and halogenated alkynes 
in nucleophilic additions.
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Ammonia Addition to  Cyanoacetylene
Simple a lk y l ,  a ry l ,  and halogenated alkynes add nucleophiles 
stereospecifica lly  to y ie ld  anti addition products.1 -  ^
Theoretically th is  behavior was shown in the las t section.to  
resu lt from the re la t iv e  ease of trans bending the CC t r ip le  bond 
in the reactions of the hydride ion with acetylene and fluoro-  
acetylene. However nucleophilic additions to activated acetylenes 
do not always give s im ilar  stereochemical re s u lts .2,9-12 ^
number of examples of k in e t ic a l ly  controlled stereochemistries for 
nucleophilic additions to activated alkynes are given in Table 
22.9-12
Three mechanisms presented previously to account for this  
stereochemical v a r a ib i l i t y  are restated below and shown in Figure 
14a-c. (1) Resonance electron-withdrawing suhstituents may modify
the reaction dynamics allowing independent syn and anti reaction 
paths to coexist. (2) E q u ilib ra t io n 2^ ^  of an in i t i a l  
stereospecific addition could occur with fina l stereochemistry 
determined by intermediate s ta b i l i t ie s .  (3) The substituent could 
favor formation of a l inear  vinyl anionic or zw itter io n ic  
i n t e r m e d i a t e . F i n a l  product stereochemistry would then be
determined by the preferred s ite  of protonation. The 
establishment of a bias for one of the three mechanisms comes from 
the theoretical d e ta ils  of the reaction between the model neutral 
nucleophile, ammonia, and the activated acetylene, cyanoacetylene.
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Table 22. Examples of Stereochemistries of Nucleophilic .
Additions to Activated Alkynes.
An i t Syn
Nucleophile Acetylene Sol vent Addition Addition Rel
MeOH NC-Ch=C-CN MeOH 78% 22% 9
t-BuOH NC-C==C-CN t-BuOHa 100% — 9
t-BuNHg HC==C-C02Me PhH 70% 30% 9
azir id ine HC=sC-C02Me DMF 97% 3% 11
az ir id ine HCE=C-C02Me MeOH 47% 53% 11
az ir id ine HC==C-C02Me EtSH 24% 76% 11
p-MePhSNa HC==C-S02Tol MeOH — 100% 12
p-MePhNa HC==C-C0Me MeOH 18% 82% 12
a) 0.01% N^Me-morpholine was added.
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Figure 14a. Mechanism 1 for the Nucleophilic Addition to Activated Alkynes.
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Figure 14c. Mechanism 3 for the Nucleophilic Addition to Activated Alkynes.
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The close s im i la r i t ie s  between the q u a lita t iv e  results ob­
tained from the ST0-3G and 4-31G basis sets for the addition 
reactions considered p r e v i o u s l y , , se-t- a ci ear precedent for 
the implementation of the more economical STG-3G basis set in this  
study. Further support for the use of the ST0-3G basis set came 
from the absence of t ru ly  charged species in the present reactio n .3® 
All geometries were fu l ly  optimized at the ST0-3G level and single 
point 4-31G calculations were performed on important, stationary  
points for improved energy comparisons.
The addition of ammonia to cyanoacetylene was approached in a 
manner sim ilar to that outlined in the last section. Three 
zw itter ion ic  intermediates designated syn, 5a, l in e a r , 5b, and 
a n t i , 5c represent possible energy minima which could arise from
this reaction. However no stable linear isomer could be located 
at the ST0-3G le v e l.  This resu lt pa ra lle ls  the behavior of the 
cyanovinyl anions studied th e o re t ic a lly  by Caramella and 
Houk43 and experimentally by Ualborsky and Turner.44 In
8 1
both cases no stable linear isomer was found. Consequently, the 
lack of a stable linear zw itterion eliminates mechanism 3 from 
consideration. The remaining pathways were analyzed by a 
systematic variation of the -acetylene ammonia nitrogen distance. 
The results of these calculations for the syn and anti 
tra je c to r ies  are tabulated in Table 23 and displayed graphically  
in Figure 15. The ST0-3G geometries are given in Tables 24a,b.
Although the syn tra jec to ry  eventually merges with the anti
O
tra je c to ry  at distances >1.8A, a potential energy maximum was
o
indicated before 1.8A (Figure 15). The anti TS was very quickly  
located and confirmed by gradient optimization at IMS^ in  
Japan by Shigeru Jiagase.46 However the syn TS was more 
d i f f i c u l t  to locate due to the flatness of the reaction surface in 
the v ic in ity  of the syn TS. Nagase was able to locate and confirm 
a syn TS a f te r  considerable d i f f i c u l t y .  The TS geometries are 
shown in Figure 16, The existence of syn and anti TS's shows this  
reaction to be d if fe re n t  from the reactions between the hydride 
ion and acetylene .or fluoroacetylene. The data accumulated thus 
far tend to support mechanism 1 over mechanism 2. However a low 
energy inversion mechanism could allow mechanism 2 to become 
competitive with or better than dissociation-recombination, 
mechanism 1.
Additional knowledge about this reaction was obtained from a 
thorough search of the reaction potential energy surface .^
The reaction surface was generated in the manner described in
Table 23. ST0-3G Total Energies o f the Syn
and Anti Tra jectories  for Ammonia Addition to 
Cyanoacetylene.3
Syn
ST0-3G//ST0-3G
Anti
ST0-3G//ST0--3G
E E E E
T rel T rel
Reb -221.81190 29.1 -221.81733 30.7
1.55 -221.68770 29.2 -221.81624 31.4
1.60 -221.64619 29.3 -221.81725 30.7
1.65 -221.59111 30.3 -221.81721 30.8
1.70 -221.54423 31.9 -221.81660 31.2
1.75 -221.46567 33.3 -221.81618 31.4
1.80 ----- — -221.81736 30.7
1.85 ----- — -221.82048 28.7
1.90 _ _ -221.82397 26.5
a) Total energies are in Hartrees. Relative  
energies are in kcal/mol. 0 0
b) Re for syn and anti are 1.566A and 1.614A* 
respecti vely.
E(kcal/mol)
3 0 -
2 0 -
Anti
1 0 - Proton Transfer
R (A)
Figure 15. ST0-3G Relative Energy Profiles for Syn and Anti Addition of Ammonia to Cyanoacetylene 
Combined with the ST0-3G Profile for Direct Proton Transfer (R* refers to reaction 
coordinate described in Figure 18).
Table 24a. ST0-3G Georetries of the $yn Trajectory for ftmnnia Addition to Cyanoacetylene
R R R R R R R <a <P <y <5 <f <0 <*C1N1 C1C2 C2C3 C3M2 Cllll N1H2 N1H3
1.566 1.310 1.455 1.160 1.080 1.038 1.038 112.4 115.3 185.3 140.7 104.7 108.3. +122.0
1.55 1 311 1.456 1.160 1.080 1.038 1.038 112.6 115.2 185.3 140.2 104.7 108.3 +122.0
1.60 1.305 1.453 1.160 1.080 1.037 1.037 112.2 115.9 185.2 142.1 105.1 108.3 +122.0
1.65 1.299 1.449 1.160 1.079 1.036 1.036 111.8 117.1 185.1 144.0 105.1 108.4 +122.0
1.70 1.209 1.443 1.161 1.079 1.035 1.035 111.5 119.3 184.9 146.0 104.4 108.3 +122.0
1.75 1.272 1.429 1.161 1.079 1.034 1.035 111.3 124.9 184.4 148.5 105.9 108.0 +122.0
a) <j)is the dilvedral angle <C2C1N1H3.
Table 24b. ST0-3G Geonetries of die Anti Trajectory for Amunia Addition to Cyanoacetylene
R R R R R R R <a <Y <6 <E <9 <J,
C1N1 C1C2 C2C3 C3M2 C1H1 N1H2 N1H3
1.55 1.310 1.456 1.161 1.078 1.039 1.039 123.5 115.8 182.2 130.3 108.6 107.2 +123.i
1.60 1 311 1.452 1.161 1.078 1.038 1.038 123.0 117.5 132.3 132.0 108.7 107.3 +123.2
H2
1.614 1.301 1.452 1.161 1.078 1.037 1.037 122.9 117.9 132.4 132.4 108.6 107.3 +123.1 6 /
H 3-N  f
1.65 1.293 1.444 1.161 1.078 1.037 1.037 122.5 120.1 182.5 134.1 108.8 107.4 +122.7
\ «
1.70 1.281 1.436 1.161 1.078 1.035 1.036 121.9 123.7 132.5 136.1 108.8 107.3 +122.9
\  a 
C1I
H ^ 51.75 1.263 1.421 1.162 1.078 1.034 1.035 121.3 130.5 182.3 138.8 109.2 107.0 +123.1
1.80 1.226 1.392 1.163 1.078 1.033 1.034 120.1 151.9 131.2 143.6 109.3 106.8 +123.0
1.85 1.208 1.385 1.163 1.076 1.032 1.033 118.4 166.7 130.3 147.9 108.9 106.6 +123.0
1.90 1.201 1.388 1.162 1.075 1.032 1.034 117.4 170.6 180.1 150.9 109.2 105.9 +124.0
/r C3
* * /
:C2
a) $ is the dihedral angle <C2C1N1H3.
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Figure 16. ST0-3G Transition Structures for Syn and Anti
Addition of Ammonia to Cyanoacetylene.
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chapter 2^8 by constructing a grid of energy values correspond­
ing to quasi-stationary structures with two fixed degrees of 
freedom. The fixed coordinates are the CN distance of the 
approaching ammonia molecule and the CCC angle which ultim ately  
distinguishes syn from anti addition . The grid covered the CN 
distance from 1.55A to 1.9A in 0.05A increments, while the CCC 
angle was fixed at 115°, 130°, 150°, 165°, 180°, 195°, 210°, 230°, 
and 245°. The results are shown in p ic to ria l form in Figure 17. 
This graphical presentation consists of constant energy contours 
and was obtained using the Surface I I  graphics program.
Analysis of the reaction surface reveals th is  reaction to be 
in fu l l  support of mechanism 1 because no low energy inversion 
pathway is indicated. Thus any isomerization should occur by 
dissociation-recombination. The surface also shows 5a and 5c 
to  represent shallow energy minima with the syn zw itterion  
thermodynamically the more stable. The greater s ta b i l i t y  of 5a_ is 
due to s ta b il iz in g  e le c tro s ta t ic  interactions between the very 
electron defic ient ammonium hydrogen atoms (q= +0.29) and the 
anionic carbon atom (q= -0 .1 8 ) .  Although 4-31G calculation do not 
predict the anti isomer to represent an energy w e ll ,  this  
situation is believed to be an a r t i fa c t  of using the ST0-3G 
optimized geometries without reoptimization at the 4-31G le v e l.
The reaction pro files  and the reaction surface both show anti 
addition to be preferred, but by a re la t iv e ly  small amount. The
260
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Figure 17. ST0-3G Potential Energy Surface for Ammonia Addition to Cyannacetylene.
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endothermicity of th is  reaction is not surprising because the 
reaction models a gas phase addition between two neutral molecules 
in which appreciable charge separation occurs. Williams and 
coworkers^O recently investigated the addition of water to 
formaldehyde computationally. This reaction was highly 
endothermic also. However no water-formaldehyde zw itterionic  
intermediate was formed. These authors also found addition of 
ammonia to formaldehyde to be highly repulsive giving rise to no 
zwitterions of the type found in the present case. Other 
s tud ies^  have also shown reactions between neutral species to 
be highly repulsive with no stable zwitterions located.
Although these conclusions are only appropriate for gas phase 
reactions, large in t r in s ic  preferences should be evident even in 
solution. Zw itterionic  species and TS which have a large amount 
of charge separation should be s tab ilized  to a much higher degree 
than less polar neutral molecules by polar solvents. A crude 
estimate of re la t ive  solvation energies can be obtained using an 
equation derived by K i r k w o o d , ^  equation 5. The
e -  1 \ pro 2 rea 2
2E + 1 / X
v -  u
2^, R3
I M »b (5)
equation u t i l ize s  the molecular dipole moments, the e ffec tive  
spherical radii of reactants and products, or TS, and the 
d ie le c tr ic  constant of the .solvent to determine re la t iv e  solvation 
energies.
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The results of th is  analysis applied to ^a_, j>£, a model 
1 inear zw itte r io n , representing the inversion TS, and the two TS 
are tabulated in Table 25. Both j>a^  and jic are greatly  s tab ilized  
by solvation as expected. However the estimated solution phase 
activation energies are s t i l l  too high compared to experimental 
values (5-10 kcal/m ole).^  The re la tive  s ta b i l i t ie s  of 5a and 
5c indicate that 5c_ is  more stable in polar solvents which is due 
to  the greater compactness of re la t iv e  to 5a_, while j>a_ is 
preferred in non-polar solvents. Anti addition is s t i l l  preferred 
for both polar and non-polar solvents in agreement with the 
non-solvated resu lts . However the difference between the 
activation energies is lower in non-polar solvents than in polar 
solvents. The dipole moment changes calculated here are in 
reasonable agreement with the changes deduced from zwitterions  
formed in enol ether-tetracyarioethylene reactions on the basis of 
solvent po larity  changes.^3 Reaction rates for the addition 
of secondary amines to acetylenic esters are also affected in a 
sim ilar manner by changes in solvent p o l a r i t y . ^  These 
conclusions p ara lle l many of the unsolvated resu lts , but the 
switch in the energetica lly  preferred zw itterion for polar and 
non-polar solvents does show the influences solvents have on the 
stereochemical outcome of these reactions.
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Table 25. R e la tive  Energies o f the Zw itte rions and TS's
fo r  Ammonia Addition to  Cyanoacetylene3
Species Ere?~3GE?i?1GK4-31G) r (A )b E4_31G (PhH) E4"31G(MeOH)
nh3 0.0 0.0 2.42 3.73 0.0 0.0
HC=CCN 0.0 0.0 4.14 3.74 0.0 0.0
syn-TS 33.8 30.2 10.02 4.22 27.2 24.1
syn-ZI 29.1 26.5 10.20 4.10 23.0 19.2
anti-TS 31.5 30.4 9.05 3.30 24.3 17.8
a n t i-Z I 30.7 29.1 9.24 3.46 23.8 18.0
inversion
TSC 40.2 33.9 10.90 3.95 29.0 23.7
a) All energies are in kcal/mol.
b) See reference 52.
c) N1C1 fixed at 1.60A, <C1C2C3 fixed at 180°.
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Proton Transfer: Conversion o f Syn Z w itte rion  to  Product.
5a appears to have the ideal geometry to permit 
intramolecular proton tran s fe r  from the ammonium moiety to the 
anionic carbon. Direct proton tran sfer, 6a  ^ and molecule assisted 
proton tran sfer, 6b, u t i l i z in g  a second ammonia molecule, were
investigated using the ST0-3G basis set. The calculations were 
accomplished by fix ing the position of the transferring  proton at 
various re la tive  displacements along the CC double bond (Figure 18 
and allowing a l l  other degrees of freedom to relax. The molecule 
assisted transfer was performed by fix ing  the coordinate 
corresponding to the NH bond of the proton being transferred  
between the ammonium moiety and the assisting ammonia molecule.
The results of these two studies are given in Table 26 and 27 
displayed graphically in Figure 15 and 19.
Various theoretical treatments indicate that proton transfer  
is a low-energy proton movement or tunnelling mediated by the
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R (reaction coordinate)
w
N
Figure 18. Reaction Coordinate fo r  D irect Proton Transfer.
Table 26. ST0-3G Total Energies for Direct  
Proton Transfer from Syn Zwitterion to Product.3
J L  O
R (A) ST0- 3G//ST0-3G
E E
T rel
0.23 -221.81990 0.0
0.60 -221.81507 3.0
0.65 -221.81370 3.9
0.70 -221.81253 4.6
0.75 -221.81074 5.7
0.80 -221.80878 7.0
0.85 -221.80684 8.2
0 . 878b -221.80619 8.6
0.90 -221.82077 -0 .5
0.95 -221.83319 -8 .3
1 .85c -221.94202 -76 .6
a) Total energies are in Hartrees. Relative  
energies are in kcal/mol.
b) Transition State.
c) Product.
Table 27. ST0-3G Total Energies for Molecule- 
Assisted Proton Transfer from Syn Zwitterion  
to  Product.
Rnh(a ) ST0- 3G//ST0-3G
E E
T rel
1.038 -277.27510 0.0
1.047 -277.30236 -17.1
1.15 -277.32659 -32 .3
1.25 -277.34430 -43 .4
1.35 -277.35945 -52 .9
1.45 -277.37094 -60.1
2.122 -277.40082 -7 8 .9
a) Total energies are in Hartrees. R e la tive
energies are in kca l/m ol.
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Figure 19. ST0-3G Relative Energy P ro f i le  fo r  Molecule-Assisted 
Proton Transfer.
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close approach of the atomic centers involved in the transfer.
The orientation of the three atoms is optimally l in e a r . Large 
atonic groupings (e .g . PhSe) can be transfered intramolecularly as 
w e l l . ^  The s ituation is quite d if fe re n t  here because the two 
centers involved in the proton transfer are in a fixed arrangement 
and consequently the ideal linear orientation cannot be realized.  
The geometry nearest the apex in the potential energy contour was 
refined using gradient techniques in GAUSSIAM 8 0 .57 The TS 
geometry is shown in Figure 20. The TS geometry and the 8.6 . 
kcal/mol b a rr ie r  height are in keeping with the fact that this  
system cannot accomodate the preferred l inear  TS for low-energy 
proton tran s fe r . The motion 'of the transferr ing  proton describes 
an arc as p ic to r ia l iz e d  in Figure 21 by superimposing various 
contour geometries. This v isualization of the transfer is also 
supportive of the nonlinearity  of th is conversion. The reaction 
p ro f i le  shown in Figure 15 is a composite representation of the 
entire  two step reaction, equation 6. This p ro f i le  shows that 5a
=  N
is formed from reactants by a smooth and gradual increase in 
energy while intramolecular, proton transfer results in a very
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Figure 20. ST0-3G Transition Structure fo r  D irect  
Proton Transfer.
99
C
H
*(TS)
Figure 21. Geometrical Changes Accompanying Direct Proton 
Transfer.
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sudden descent towards product alkene. A narrow barrier of this  
type often results in a lower energy tunnelling mechanism^fi 
which is shown by the dashed curve in Figure 15.
While conversion of Sa_ to product alkene by intramolecular 
proton transfer has a re la t iv e ly  high b a rr ie r ,  molecule-assisted 
proton transfer occurs without activation ,, and the reaction 
p ro f i le  is consistent with a highly exothermic reaction. The fact 
that no activation energy is required for the approach of the 
second ammonia molecule is probably due to the much higher energy 
of 5a^  re la t iv e  to the products. Thus, molecule assisted proton 
transfer is the morm for proton transfers between heavy atom 
c e n te rs .^  Experimentally, the molecule assisted proton 
transfer mechanism in nucleophilic additions to activated alkynes 
and alkenes by secondary amines is supported by observed th ird  
order k i n e t i c s . T h e  geometrical changes which accompany 
th is  mechanism are also rather in teresting  and are represented 
p ic to r ia l ly  in Figure 22 by a superposition of the various 
intermediate structures used to construct th is pseudo-reaction 
p ro f i le .  The p ic to r ia l ize d  proton transfer is completed at long 
range.
One f in a l curios ity  concerning nucleophilic additions to 
activated alkynes addresses the possib ilty  of hydrogen-bonded or 
aggregate amine addition to cyanoacetylene. Amines are known to 
hydrogen-bond or aggregate with other amines in non-polar 
sol v e n t s . T h i s  information and the observed th ird  order
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Figure 22. Geometrical Changes Accompanying Molecule-Assisted 
Proton Transfer.
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kinetics  for amine addition to activated "alkynes in non-polar 
solvents supports the p o ss ib il i ty  of aggregated nucleophilic  
additions to activated alkynes. I f  a hydrogen-bonded nucleophile 
adds to an alkyne, then d irect syn addition would resu lt from a 
concerted reaction. This concerted addition would be a [2+2+2] 
thermally allowed cycloaddition as shown in Figure 23. Structure 
]_ was used as the model for a hydrogen-bonded amine dimer because
addition and proton transfer to cyanoaceylene could occur in a 
synchronous manner from this conformation of dimeric ammonia.
This structure of the ammonia dimer is not the most stable 
s tru c tu re .62 The approach of _7 to cyanoacetylene was 
monitored by f ix in g  the Rqn distance between the nucleophilic  
ammonia nitrogen and the unsubstituted carbon atom of 
cyanoacetylene. Only one stationary point between the reactants 
and products was found. The results of this study are tabulated  
in Table 28 and displayed graphically in Figure 24.
The reaction p ro f i le  c le a rly  indicates that this reaction 
requires ac tivation . The reaction product is the hydrogen-bonded 
complex of ammonia with ^-l-amino-2-cyanoethylene, 8. Although a
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H
Figure 23. Model Concerted Ammonia Dimer Addition to  
Cyanoacetylene.
Table 28. ST0-3G Total Energies for Ammonia 
Dimer Addition to Cyanoacetylene3 
to Product.
Rcn(A) STO-3G//STO-3G
ET ET rel
-277.32613 0.0
1.85 -277.29024 22.5
1.465 -277.40082 -78 .9
a) Total energies are in Hartrees. Relative  
energies are in kcal/mol.
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1.465 1.85 R(A) .
Figure 24. ST0-3G Relative Energy P ro file  for Ammonia Oimer 
Addition to Cyanoacetylene.
106
h / N H 2
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potentia l energy maximum is indicated, a calculation of the 
gradients indicated that the 1.85fl geometry was s t i l l  fa r from the 
tra n s it io n  structure. However the reaction p ro f i le  does give a 
q u a l i ta t iv e  barr ier  of around 25 kcal/mol for a reaction of this  
type which is in good agreement with the calculated and 
experimental activation energies for D ie ls - A l d e r ^  a n d related  
[4+2] c y c lo a d d it io n s .^  Experimental evidence for coupled 
add ition - proton transfer reactions to alkynes have been reported 
by Jones and coworkers.^ These authors have shown that 
himolecular k inetics are observed for addition of sulfenic acids 
to alkynes. This same type of synchronous nucleophilic  
addition-proton transfer was observed th e o re t ic a lly  by Williams 
and coworkers^ in the addition of water to formaldehyde.
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Cone 1usions
The dramatic drop in the LtlMO of acetylene upon bending and 
the preference for trans bending have many far reaching 
implications to the q u a lita t iv e  understanding of alkyne chemistry.
(1)  B a l d w i n 6 ^ recently suggested that an attack angle of 120° 
for nucleophiles and electrophiles was consistent with 
experimental evidence. Such an attack angle would seem to demand 
a rather congested 60° CCNu angle. However trans bending of 
acetylene easily  accomondates both a CCNu of 128° and a NuCR angle 
of 85° as determined by the TS geometry for addition of the 
hydride ion to acetylene. A s l ig h t ly  larger NuCR angle was found 
in the case of hydride addition to fluoroacetylene (e -a tta c k ) .
(2) Alkynes are known to undergo various type of sigmatropic 
sh ifts  more read ily  than corresponding alkenes.6? This sur­
pris ing behavior can be easily  ra tionalized by trans bending and 
the associated s ta b il iza t io n  of the LUMO of acetylene. The a ll  
trans bent structure of 1 ,5-hexadiyne £  i 11ustrates this favorable 
impact on Cope rearrangements. The structural form of J9 is  
decidedly s im ilar to the orientation adopted by 1,5-hexadiene, J_0,
9 1 0
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for the analogous rearrangement involving CC double bonds.
(3) Introduction of a CC t r ip le  bond into a small ring should 
greatly increase the e le c tro p h i l ic ity  of the ring re la t iv e  to the 
rings nucleophilic tendencies. The chemistry of benzyne is 
completely consistent with this pattern . However, superimposed on 
the se lective  enhanced re a c tiv ity  toward nucleophiles, benzynes 
also enjoy a general increase in re a c t iv ity  due to angle s tra in .
Although cis bending is energetically  less favored, this dis­
tortion  provides insight into other important properties of the CC 
t r ip le  bond. Alkynes form a variety of trans ition  metal 
complexes.68 Many of the deta ils  of alkyne-metal interactions  
are conveniently rationalized by the effects cis bending has on 
the geometry and MO energies of acetylene. Transition metal 
complexes possess both high-lying f i l l e d  and low-lying vacant 
MO's. Cis bending of acetylene causes the LUMO energy lowering 
making both orb ita ls  a ttra c t ive  to a transition metal. This 
a b i l i t y  for cis bending of acetylene to raise the energy of one of 
i ts  degenerate orb ita ls  is evidenced experimentally in the 
PE spectrum of 2 , 2 , 6,6-tetramethylcycloheptyne6® which shows a
0.2 eV s p l i t  and incorporates a 34° cis bent t r ip le  bond.^0 
The X-ray structures for numerous trans ition  metal complexes have 
been reported and show the acetylenic moiety strongly cis bent.
The s te r ic  requirements of alkynes is also greatly reduced in a 
cis bent orientation which would decrease repulsive interactions
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between the metal and/or metal ligands and substituents born by 
the alkyne.
Alkynes undergo L4+2] cycloaddition reactions as do a ll  CC 
multiple bonds.64,71 However comparison of re la t ive  re a c t iv i ­
t ies  with alkenes and alkynes in 1-3 d ipo lar cycloadditions show 
alkynes to prefer electron rich 1 , 3- di pol es. The ratios of 
the rates of 1-3 d ipolar cycloadditions of alkenes versus alkynes 
decrease with increasing IP of the 1-3 dipole ending with alkynes 
fas ter than a lkenes.63,72 £_Substituted phenylacetylenes show 
acceleration in the rate of 1-3 d ipolar cycloadditions with a 
phenyl n i t r i l e  oxide and diazomethane with increasing e lectron- 
withdrawing character of the substituent. The rates increase from 
22.4x10^ for jp-OMe to 42.9x10^ for .P-NO  ^ and from 0.217x10^ for 
p-OMe to 2.910x10^ for p-NO^, using n i t r i l e  oxide and diazo­
methane, respectively.
Addition of ammonia to cyanoacetylene and the crude 
evaluation of solvation effects on the zw itter io n ic  intermediates 
and TS's provide an enlightening view of nucleophilic additions to 
activated alkynes. The results of these studies indicated that 
anti addition is k in e t ic a l ly  favored, i . e . ,  has the lowest 
calculated activation energy. The syn zw itterion was shown to be 
preferred in the gas phase and in non-polar solvents while the 
anti isomer was s tab il ized  more in polar solvents. That is ,  anti 
addition w i l l  be preferred in polar and proton donating solvents
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while in non-polar solvents or in the absence of good proton 
sources, syn addition should dominate. These conclusions are 
analogous to an empirical conclusion proposed by Huisgen 
e a r l ie r .^  Because theoretica l addition of ammonia to 
cyanoacetylene gave rise to stable zw itte r io n ic  intermediates, 
th is  reaction is s im ilar  but d is tinc t from the addition of water 
to formaldehyde^ where no zw itter ion ic  intermediates were 
found. This d is s im ila r i ty  is due to the anionic s ta b il iz in g  
influence of the cyano group because ammonia addition to acetylene 
does no produce zw itte r io n ic  in term ed ia tes .^
The analysis of the conversion paths open to the syn 
zw itterion showed that proton transfers are very d i f f i c u l t  when 
the distance and angles between the heavy atoms are large because 
of geometrical constraints. However intervention of a second 
molecule such as an ammonia molecule re c t i f ie s  the unfavorable 
situation and allows proton transfer to occur without activation .  
Thus molecule assisted proton transfer mechanism w i l l  probably be 
important in any system unable to adopt the preferred geometrical 
arrangement of heavy atoms to accomplish a low-energy proton s h ift  
or t ra n s fe r .55
The p o s s ib il i ty  that syn s te reospec if ic ity  could arise from a 
concerted termolecular reaction also povided some interesting  
information about the behavior of activated alkynes. The results  
of this investigation may have application to the chemistry of CC 
multiple bonds in environments where normal reactions are
in h ib ited . Such environments could arise on the surface of r ig id  
supports or in the center or surface of micelles. The study also 
indicates that the termolecular reaction has an estimated 
activation  energy within the normal range found for other 
6-electron cycloadditions.63,64,72
All these results show alkynes to be reactive e lectrophiles .  
The results also conclusively demonstrate the usefulness of 
theoretica l calculations in uncovering in tr in s ic  chemical 
properties d i f f i c u l t  to assess by other methods.64 Further 
q u a lita t iv e  understanding of the CC t r ip le  bond?4 af1d vinyl 
anions and zwitterions w i l l  be provided in chapter 4 where 
^-substituted vinyl anions are th e o re tic a lly  studied in d e ta i l .
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CHAPTER IV. STABILITIES AND STRUCTURES OF VINYL ANIONS
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Introduction
B~Substituted vinyl anionic or zw itter io n ic  intermediates are 
formed in the m ajority of nucleophilic addition reactions to 
alkynes-*, equation 7. The influence that 6-substituents have
R—
NuNu
.©
on the s ta b i l i t ie s  of geometrically isomeric vinyl anions was
demonstrated previously for the fluorovinyl anions^ and the
ammonium zw itte r io n s . 3 A B-fluoro substituent favors the
tra_ns isomer T l ,  while a B-ammoniun substituent favors the cis
isomer These two example are ind icative  of substituent
effects on isomer s ta b i l i t ie s  of vinyl anions.
0
NH,
\H IS H
Radom and Pross^ have recently calculated the effects  
that B-substituents have on the re la t iv e  s ta b i l i t ie s  of various 
conformations of ethyl anions. These authors considered the fu l l  
range of second-row substituents, i . e . ,  L i ,  BeH, Bh^, CHj, NL^,
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OH,and F. These results showed that ethyl anions experience 
interactions upon substitution sim ilar to , but opposite from, 
those calculated for ethyl ca tions .5 -** One major q u a l i ta t iv e  
difference between the ethyl cations and anions emerged concerning 
the importance of hyperconjugation for the e lectropositive  
substituents. This in teraction is very important in determining 
the re la tive  s ta b i l i t ie s  of various conformers of ethyl 
cations5-** and isomeric vinyl cations.5 -** Hoffmann and 
collaborators5 had predicted that hyperconjugation would be 
equally e ffec tive  in determining anion s t a b i l i t ie s .  For anions, 
hyperconjugation involves donation of electron density from the 
anionic carbon into a low-lying substituent a *  o r b i ta l .  This 
type of hyperconjugation is the antithesis of the orig inal  
formulation and is called negative hyperconjugation. However 
Radom and coworkers^ showed that 1-3 overlap was more 
important in d ic ta tin g  conformational s ta b i l i ty  of ethyl anions 
bearing e lectropositive  substituents than was negative 
hyperconjugation. On the other hand, the electronegative  
substituents did show hyperconjugation, of the n-o* type, to 
be important in keeping with Hoffmann's predictions.
Radom and coworkers® have also reported a detailed  
theoretica l study of substituted methyl anions using the 4-31G 
basis set, with more sophisticated calculations used for improved 
energy comparisons. Their results compared favorably with 
available  experimental data derived from ICR and MS techniques.
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Vinyl anions normally demonstrate a high degree of stereo­
chemical in teg rity^ . These anions normally do not isomerize 
before capturing an e lectrophile . This in teg rity  is supported by 
the high calculated b arr ie r  to inversion (37 kcal/mol by 
4-31g! 0>H‘) of the parent vinyl anion _1_3. This configura­
tional s ta b i l i ty  of vinyl anions has also been demonstrated 
experimentally by Walborsky and T u rn e r .^  These authors 
showed that cyano vinyl anions formed from deprotonation of the 
parent alkenes afford deutrated alkenes with retention of 
configuration, equation 8.
While vinyl anions tend to have high inversion barriers , the 
calculated barrier to inversion of $ -ammonio-a-cyano vinyl 
zwitterions is only 10 kcal/mole by 4-31G.!3 Although the 
a-cyano group has been shown by Caramella and Houk14 to 
s ig n if ic a n tly  lower the inversion b a rr ie r ,  the 8-ammonio 
substituent should influence this barrier as well.
This chapter reports studies of a series of vinyl anions 
substituted by second-row substituents and addresses the general 
consequences that ^ -substitution has on isomer s ta b i l i t ie s  and 
geometries of vinyl anions and zw itterions . The results of these 
studies are discussed in terms of q u a l i ta t iv e  MO theory. The 
results are also used to examine general trends in re la tive  
reaction energies.
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Methods and Results
Theoretical assessment of the properties of p-substituted  
vinyl anions and zwitterions was conducted using the ST0-3G basis 
set. Although the problems with HF calculations using small basis 
sets for anionic species are well documented*®, the precedent 
established p r e v i o u s l y * ®  suggests that q u a l i ta t iv e ly  re liab le  
calculations can be obtained employing the ST0-3G basis set.
Single point 4-31G calculations were performed on a l l  ST0-3G 
geometries for better energy comparisons.
To depict the entire  range of possible interactions c o n tro ll­
ing vinyl anion s t a b i l i t ie s ,  nine substituents were investigated: 
H, L i ,  Be, BHg, CH^, NHg, OH, OCH ,^ and F. These nine substitu­
ents can also be charged second-row nucleophiles. Similar  
information concerning vinyl zwitterions was obtained from the
41 -fr'following substituents: NH^, 0 ^ ,  H OCH .^ These three
substituents can also be three neutral second-row nucleophiles.
Substituent effects on isomer s ta b i l i t ie s  were judged by 
studying four d is tin c t geometries of the vinyl anions and 
zw itter io ns . The four geometries are shown in Figure 25. The cis 
and trans vinyl anions are energy minima at the ST0-3G le v e l .
The 1 inear and perpendicular isomers are not energy minima, 
because these isomers required constraint of at least one bond 
angle. These two geometries were included in order to model 
tran s it ion  state structures (TS) fo r mechanism which could cause
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Figure 25. Structures o f the Four Vinyl Anion Geometries.
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cis-trans isomerization of vinyl anions or zw itter io ns , i . e . ,  
inversion and rotation about the CC double bond. The linear  
species has the CCH angle fixed at 180°, but a l l  other geometrical 
variables optimized. The perpendicular species has both the CCH 
angle and the XCCH dihedral angle constraints. The CCH angle was 
set at the average of the cis and trans CCH angle while the XCCH 
dihedral angle was fixed at 90°.
No stable zwitterions could be located at the ST0-3G le v e l .  
Similar to results were reported by W i l l i a m s ^  and 
o th e rs ^  f 0r ammonia and water addition to formaldehyde, which 
also gave no stable zw itter ions . Calculations were performed on 
model zw itterions, constructed by fix ing  the CX bond length at a
O
value 0.125A longer than the CX bond length of the analogous vinyl 
anions. This value is the difference between the trans p-amino 
vinyl anion and the anti 8 -ammonio-a-cyano z w i t te r io n ^  CN 
bond distance. All other degrees of freedom were relaxed. The 
l inear and perpendicular zwitterions were further constrained in 
the same manner, as described for the vinyl anions above.
In those cases where the substituent could adopt more than 
one d is tinc t conformation, these additional structures were 
investigated for the cis and trans isomers but not for the linear  
and perpendicular isomers. An exception was made in the case of 
BHg because this substituent gives rise to very d if fe re n t  
results in the coplanar and perpendicular conformers 14a and 14b,
respectively. Similar differences in behavior between a coplanar 
and a perpendicular BH2 have been observed in theoretical 
investigations of ethyl and vinyl cations®-9 and ethyl and 
methyl anions.4 ,9
The d if fe re n t  conformations availab le  to the vinyl anions 
substituted by BH,,, OH, NH^/OCH^, and are described in Figure 
26 and given simple names below:
1) PL- the planar conformation, in which the substituent is 
coplanar with respect to the vinyl moiety.
2) PPL- the perpendicular-planar conformation has the • 
substituent rotated 90° out of the plane of the vinyl 
group.
3) P- the perpendicular conformation has the substituent 
rotated 90° with respect to the plane of the vinyl moiety 
and is pyramidal.
4) Syn-  the syn configuration is planar and has the hydrogen 
atom attached to the substituent pointing at the anionic
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Figure 26. Schematic Representation o f the 3-Substituent 
Conformations.
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5) A nti- the anti configuration is planar and has the hydrogen 
atom attached to the substituent pointing away from the 
anionic carbon.
The ST0-3G and 4-31G to ta l  energies for the cis and trans 
substituted vinyl anions are tabulated in Table 29. The cis and 
trans substituted vinyl zwitterions are reported in Table 30. The 
1 inear and perpendicular isomers for the anions and zwitterions  
are given in Tables 31 and 32, respectively. The geometries w ill  
be given when needed along with re la t iv e  energies in the 
discussions to follow.
Much of the information derivable from this study is 
q u a lita t ive  in nature and is discussed in terms of interactions  
between the CHX and the CH_ moities. These interactions are 
defined below:
(1) 1-3 Overlap. Direct overlap between orb ita ls  on the 
substituent and the anionic lone-pair located on the 
CH“ moiety (Figure 27). This interaction is e ither  
repulsive or a t t ra c t iv e  depending upon whether the 
overlapping o rb ita l  on X is f i l l e d  or vacant.
(2) E lH -E ffect. E lec trosta tic  interaction between the 
hydrogen atom(s) attached to the substituent and the 
anionic carbon center (Figure 27). The in teraction is 
a ttra c t iv e  when X is  more electronegative than hydrogen and 
repulsive when X is less electronegative than hydrogen.
Table 29. Total Energies for Cis and Trans
Substituted Vinyl Anions a•
STO-3G//STO- 3G 4-31G//ST0
X Isomer E E
T T
H cis -76.23303 -77.21298
H trans -76.23303 -77.21298
Li cis -83.08493 -84.06909
Li trans -83.01220 -84.03373
BeH cis -90.81122 -91.86482
BeH trans -90.73904 -91.85111
bh2 (P) ci s -101.27053 -102.46915
bh2 (P) trans -102.25086 -102.46044
BH2 (PL) cis -101.22404 -102.45789
BH2 (PL) trans -101.22626 -102.45997
CH3 cis -114.82186 -116.19622
ch3 trans -114.82240 -116.19505
NH2 (PL) cis -130.53705 -132.15293
NH2 (PL) trans -130.53913 -132.15275
NH2 (PPL) cis -130.53806 -132.15054
NH2 (PPL) trans -130.54029 -132.15246
NH2 (P) cis -130.56191 -132.15878
nh2 (p) trans -130.56203 -132.15601
a) Total energies (Ey) are in Hartrees.
Table 29. (Cont, )a
ST0-3G//ST0-3G 4-31G//ST0-
X • Isomer E E
T T
OH (c is ) syn -150.08876 -151.98147
OH (c is ) anti -150.08800 -151.97642
OH ( P ) syn -150.08122 -151.96781
OH ( P ) anti -150.08355 -151.97001
OH (tran s ) syn -150.07742 -151.96235
OH (trans) anti -150.08097 -151.96720
OCH3 (c is ) syn -188.67094 -190.94317
OCH3 (c is ) anti -188.66979 -190.94021
OCH3 (trans) syn -188.66478 -190.93051
OCH3 (trans) anti -188.66848 -190.93533
F syn -173.70861 -175.97161
F anti -173.71084 -175.97453
a) Total energies (Ey) are in Hartrees.
Table 30. Total Energies for Cis and Trans 
Substituted Vinyl Zw itte r ions .a
STO-3G//STO-3G 4-31G//ST0-3G
X Isomer E E
T T
+nh3 ci s -131.23669 -132.74363
+nh3 trans -131.22955 -132.73121
+0H2 (PL) cis -150.73231 -152.51708
+0H2 (PL) trans -150.72931 -152.50934
+oh2 (P) ci s -150.73907 -152.51515
+oh2 (P) trans -150.73236 -152.50555
h+och3 cis -189.31684 -191.48643
h+och3 trans -189.31390 -191.47899
a) Total energies (E, )  are in  Hartrees.
Table 31. Total Energies for Linear ( l i n )  and 
Perpendicular (perp) Substituted Vinyl Anions.
ST0-3G//ST0-3G 4-31G//ST0-3G
Isomer E E
T ■ T
H lin -76.15260 -77.15460
H perp -76.05095 -77.07952
Li l in -83.00283 -84.02119
Li perp -82.96488 -83.98759
BeH lin -90.74600 -91.81695
BeH perp -90.68443 -91.76875
BH2 (P) l in -101.22702 -102.43669
bh2 (P) perp -101.16821 -102.38783
BH2 (PL) l in -101.12975 -102.39367
BH2 (PL) perp -101.16859 -102.39332
ch3 lin -114.74649 -116.13761
ch3 perp
a) Total energies (Ey) are in Hartrees.
Table 31. (C on t.)a
ST0-3G//ST0-3G 4-31G//ST0-3G
X Isomer E E
T T
nh2 (P) lin -130.47653 -132.10533
nh2 (P) perp -130.38818 -132.04712
OH (syn) lin -150.02761 -151.94128
OH (syn) perp -149.93772 -151.87967
OCH3 (a n ti) l in -188.61815 -190.90812
OCH3 (a n ti) perp -188.53161 -190.84681
F lin -173.64898 -175.93950
F perp -173.55525 -175.86981
a) Total energies (Ey) are in Hartrees.
Table 32. Total Energies for Linear ( l in )
and Perpendicular (perp) Substituted Vin.vl
Zw itterions. 3
ST0-3G//ST0-3G 4-31G//ST0-
X Isomer E E
T T
+nh3 1 in -131.21611 -132.72066
+nh3 perp -131.11341 -132.63986
+0H2 (PL) lin -150.73594 -152.51398
+0H2 (PL) perp -150.67211 -152.46370
h+och3 lin -189.32502 -191.48676
h+och3 perp -189.25264 -191.42969
a) Total energies (Ey) are in Hartrees.
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(3) E lX -E ffe c t . E lec tro s ta tic  in teraction between the 
substituent heavy atom and the anionic a-carbon (Figure 
27). This in teraction is s ta b i l iz in g  when X is less 
electronegative than carbon and destabiliz ing when X is 
more electronegative than carbon.
(4) Hyperconjugation. Overlap of the or a*  o rb ita ls  on 
the CHX moiety with the a*  or n - l ik e  orb ita ls  on the 
CH" moiety (Figure 27 ). Hyperconjugation can resu lt in 
s ta b il iz a t io n  or des tab il iza tion  depending on the 
occupancy of the orb ita ls  involved.
(5) ir-Conjugation. Overlap between the tiqc o rb ita ls  and a 
substituent p -o rb ita l in the planar conformations (Figure 
27). The result of th is  overlap can be e ither  a t tra c t iv e  
or repulsive depending on whether the substituent orb ita l  
is f i l l e d  or vacant.
( 6 ) Inductive E ffe c t . Electron-donation or -withdrawal of the 
substituent through the a framework (Figure 27).
The f i r s t  four interactions have d e f in ite  d irectional properties  
and strongly influence s ta b i l i t ie s  of various conformations. The 
las t interactions are non-directional while m conjugation is 
sim ilar in a l l  planar conformations. These do not play a 
s ig n if ica n t role in cis-trans discrim ination.
8 -Substituent effects on the s ta b i l i t y  of vinyl anions were 
assessed using the isodesmic r e a c t io n ^ ,  equation 9. The
XCH-CH- + H2C=CH2 -------> H2C=CH- + HXC=CH2 9)
1 -3  O v e r la p
x i -
e
E lX - E f f e c t
<nr“o
Bonding
i r -C o n ju g a t io n
0
A n t i-b o n d  i ng 
Tr-Conjugat i  on
E l H - E f f e e t
0
N e g a tiv e  
H y p e rc o n jg a t io n
n-o
H y p e rc o n ju g a t io n
X
In d u c t iv e  
Dona t i  on
x
\
In d u c t iv e  
Wi th d ra w a 1
Figure 27. Schematic Representation of the Q ualita tive
Interactions Used to Describe the Vinyl Anions.
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energies of isodesmic reactions are termed s ta b il iza t io n  energies 
( Estab) and are shown in Table 33^0 for the lowest energy 
isomer of each substituted vinyl anion (the vinyl zw itterions were 
not considered). Positive s ta b il iza t io n  energies indicate that  
the substituted vinyl anion is s tab il ized  more by the substituent 
than the analogously substituted ethylene. All substituents are 
seen to s ta b il iz e  the vinyl anion more than they s ta b i l iz e  
ethylene. This trend was also observed in both studies reported 
by Radom and coworkers.^
The electronegative substituents (NH2> OCH3 , OH, F) 
show a steady increase in s ta b il iza t io n  energy ( -3 .6  to 20.9  
kcal/mol by 4-31G) with increasing e lectronegativ ity  which is a 
result of the increase in electron-withdrawal along the series 
(inductive e f fe c t ) .  The negative value reported for NH2 at 
the 4-31G level is probably an a r t i f a c t  of using the ST0-3G 
optimized geometry without reoptimization at the 4-31G le v e l .
CH3 shows a small positive s ta b il iza t io n  energy at the ST0-3G 
level which becomes destab iliz ing  at 4-31G le v e l.
The e lectropositive  substituents impart the greatest 
s ta b iliza t io n  to the vinyl anions. This is s im ilar to the results 
found by Radom and coworkers for ethyl and methyl anions.^>9 
This observation is due to the a b i l i t y  of X to accept electron  
density through vacant 2p-orh ita ls  from the CH“ moiety (1-3  
overlap). PL BH2 affords a smaller s ta b il iza t io n  than does P
Table 33. Isodesmic S ta b il iza t io n  
Energies. 9 
ST0-3G//ST0-3G 4-31G//ST0-3G
E L E L stab stab
H 0.0 0.0
Li 79.4 23.5
BeH 89.0 34.7
BH (PL) 53.1 23.3
CH 1.9 - 0.1
NH (PL) 8 .9 -3 .6
OH (syn) 8.2 15.1
F 11.8 20.9
a) S ta b il iza t io n  energies (Estab) 
are in kcal/mol.
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BH2* This trend arises from the absence of 1-3 Overlap for PL 
BH2 and w il l  be explained la te r .
The energies of the reaction of X“ with acetylene are
given in Table 34. The exothennicities (-AE) decrease in the 
order, H- >CH“>NH“>0H“>F'' by 4-31G. The disagreement in the ST0-3G 
order must be due to basis set def i ci enci es. The neutral 
nucleophiles (NH3 .OMgjHOCH^J show agreement between 
calculated reaction energies and solution phase re la t iv e  rates for 
nucleophilic additions: NHgXIH .21 yhe positive aE' s for
formation of the zwitterions are consistent with other theoretical 
studies involving s im ilar reactions of neurtal species.17,18
Although the e lectropositive  nucleophiles are included, these 
species do not represent normal nucleophilic agents. However the 
observed order of increasing -aE values ( BH^  >BeH >Li ) is 
reasonable because energy matching between the 2p-orb ita l of X and 
the carbon 2p-orbital improves analogously. The large discrepancy 
between the 4-31G and ST0-3G reaction energies for lith ium  (+22.4 
and -9 .7  kcal/mol, respectively) is due to the STU-3G basis set 
overestimating the energetic contributions of the lith ium  2p 
o r b i ta ls . 22
Table 34. Energies of Reaction for 
Equation 10 (X“ + HC CH — > HXC=CH")-a
ST0-3G//ST0-3G 4-31G//ST0-3G
X AE AE
H -136.9 -50 .5
Li -9 .7  22.4
BeH -28 .9  -52 .2
BH -163.5 -88 .4
CH -82.5
NH -76 .6  -37 .0
OH -105.1 -28 .7
OCH -68 .0  -9 .6
F -151.4 -10 .5
HH 46.9 41.5
OH 52.1 61.6
HOCH 50.5 56.7
a) Energies of reaction (AE) values 
are in kcal/mol.
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The Parent Vinyl Anion
The parent vinyl anion 2 2  is used as the standard against 
which a l l  other 6-substituents are judged. This anion i l lu s tra te s  
many of the inherent properties of vinyl anions. The geometries 
and re la t iv e  energies of the three d is t in c t  isomers (the cis and 
trans isomers are equivalent) of JJ3 are shown in Figure 28. Pople 
and c o w o r k e r s , 23 s tre itw e iser and coworker,24 and other 
groups25 have reported s im ilar results for this anion. The 
ST0-3G optimized geometry compare favorably with 4-31G optimized
g e o m e t r i e s . 2 3 - 2 6
Several features of L3 are immediately evident from the 
stable planar, non-linear geometry. The CCH angle is 105.8° 
instead of the usual angle ( 120°) fo r  neutral species containing 
CC double bonds. This angle compression allows the vinyl anion to 
increase the amount of s-character available to the lone-pair  
anionic center. This increase in s-character can be easily  seen 
in the MO contour map27 0 f  the HOMO of 13 which is the MO
occupied by the anionic lone-pair (Figure 29 ). Another
interesting aspect of 23 comes from consideration of the orb ital  
charge densities. The p-carbon accepts n charge density from the 
a-carbon so that the it charges are -0 .34  and +0.34, repectively. 
The a charge density is larger for the 6-carbon ( -0 .1 7 )  than the
a-carbon ( -0 .7 2 ) .  This arrangement of electron density indicates
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Figure 29. MO Contour Map of the HOMO of the Trans Parent 
Vinyl Anion.
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that the vinyl anion resembles e le c tro n ic a lly  an anion s tab ilized  
carbene.
The CC bond length has undergone a substantial increase from 
the bond length of 1.17A for ST0-3G optimized a c e ty le n e .^
The CH bond length for the ^-hydrogen also shows considerable 
lengthening. This lengthening is expected for anionic species 
because the negative charge increases electron repulsion and 
thereby causes net destab iliza tion  of a l l  occupied orb ita ls  
resu lting in bond weakening. The CC bond distance is also 
stretched re la t ive  to the 1.306^ bond length in the ST0-3G 
optimized geometry of e t h y l e n e ^  ind icating that the vinyl 
anion has a weaker CC double bond. These in tr in s ic  features of 
w i l l  be referred to in a l l  subsequent discussions.
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Cis Versus Trans Vinyl Anions
Substituent e ffects on the re la t iv e  s ta b i l i t ie s  of the cis 
and trans isomeric vinyl anions and zwitterions indicate a number 
of obvious trends. 1) The e lectropositive  substituents (L i ,  BeH,
P BH2) ,  but not PL BHgj and the charged substituents 
(+ NH3»+ 0H2»Hf OCH3) exh ib it a preference for the cis 
isomer. 2) Electronegative substituents (NH2> OCH3, OH,
F) favor the trans isomer.- 3) Electronegative substituents 
bearing e lectropositive  hydrogens (NH2, OCH3, OH) favor 
the cis isomer when the hydrogen is directed at the anionic 
center. CH3 favors the cis isomer because a methyl group also 
has e lectropositive  hydrogen atoms.
The ST0-3G and 4-31G re la t iv e  energies for the cis and trans 
isomers are reported in Table 35. Q ualita tive  analysis of this  
cis preference established 1-3 overlap as the major fac to r. The 
potency of 1-3 overlap in influencing isomer s ta b i l i t ie s  and 
structures is demonstrated by three properties of these cis vinyl 
anions. When the BH2 moiety is coplanar with the vinyl 
moiety, 1-3 overlap is turned o f f  and the cis isomer suffers a 
substantial decrease in s ta b i l i ty  as judged by the difference in 
to ta l energy for these two cis vinyl anions (29 kcal/mol by ST0-3G 
and 6 kcal/mol by 4-31G). Secondly, the atomic charges for these 
cis vinyl anions shown in Table 36 c le a r ly  indicate that a 
substantial portion of the negative charge has been transferred
Table 35. E(trans) -  E(cis) Anions, 
XCH=CH” , where X=Li, BeH, and BH2 - a 
E(trans) -  E(cis)
X ST0-3G//ST0-3G 4-31G//ST0-3G
Li 45.7 22.2
BeH 45.3 8.7
BH2 (P) 12.4 5.5
BH2 (PL) -1 .4  -1 .3
a) Energies are in kcal/mol.
Table 36.
Li
BeH
BH (P) 
BH (PL)
Atomic Charges fo r  the Cis V inyl Anions o f
L i , BeH, 
Ca
-0.371-0 .11)  
-0 .3 3 (-0 .2 3 )  
-0 .4 2 ( -0 .2 6 )  
-0 .6 0 ( -0 .3 4 )
and BHg*3
CB
-0 - 37 ( —0-11) 
-0 .3 3 C -0 .23) 
-0 .4 2 ( -0 .2 6 )  
-0 .6 0 ( -0 .3 4 )
X
-0 .2 3 ( -0 .6 9 )  
-0 .3 8 ( -0 .4 5 )  
-0 .2 5 ( -0 .4 0 )  
- 0.09 ( - 0 .24 )
a) 4-31G values are given with ST0-3G values in 
parenthesis.
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the negative charge has been transferred from the vinyl moiety to 
the substituent. Th ird ly , the optimized geometries (Table 37) of 
these cis vinyl anions are so profoundly influenced by 1-3 overlap 
tha t a l l  three cis isomers are actually stable negatively charged 
three membered rings as shown in Figure 30. S im ilar neutral ring 
systems involving small molecules containing lith ium  have been 
extensively studied th e o re t ic a lly  by Schleyer22 and 
others28. The CLi bond distances obtained here are in good 
agreeement with those of neutral mono- and po ly-1ith ia ted
O
molecules for which the CLi bond distances are between 1.77A and 
1.87A.22 yhe large differences between the 4-31G and ST0-3G 
atomic charges for the cis lith ium  vinyl anions are due to the 
ST0-3G basis set overestimating the energetic importance of the 
lith ium  2p o rb ita ls . 22
Ring systems are also common in small molecules containing 
boron. 29 Pople, Schleyer, and coworkers30 have recently  
reported a theoretical study of small carboranes. These systems 
are known experimentally31 and th eo re tica lly  to have closo 
forms. The three membered neutral carborane, borirene, which is 
isoelectronic with the cyclopropenyl cation, shows very similar  
structural features to those of the P BHg cis vinyl' anion.
Another in teresting structural feature of these cis vinyl 
anions is the fact that the vinyl moiety more closely resembles 
the cis dianion of acetylene than neutral acetylene. This fact
Table 37. ST0-3G Gaanetries for Cis and Trans Anions, XCH=CH“, vhere 
X=Li, BeH, P EH2, and PL BH2-
X R
CX
R
CC
R
CHa
R
CHb
<a <8 < Y R
XH
R
XH1
<5 <e
Li cis 1.717 1.355 1.100 1.100 66.8 117.5 117.5
BeH cis 1.582 1.331 1.091 1.091 65.1 127.5 127.5 1.297 — 155.1 — 180.
bh2 (P) cis 1.554 1.287 1.083 1.082 65.5 138.0 138.0 1.179 1.179 124.1 124.1 90.
BH2 (PL) cis 1.454 1.400 1.131 1.092 121.5 106.2 120.5 1.166 1.170 122.9 123.1 0(180)
Li trans 1.704 1.357 1.352 1.089 82.3 107.9- 112.9
BeH trans 1.539 1.356 1.248 1.081 83.3 104.1 121.1 1.291 — 171.8 — 180.
BH2 (P) trans 1.711 1.253 2.271 1.068 96.0 80.8 143.9 1.171 1.171 122.7 122.7 100.
BH? (PL) trans 1.450 1.403 1.124 1.090 126.9 105.2 115.1 1.167 1.169 122.2 123.7 0(180)
a) <j) is the diliedral angle <CCXH(H').
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H
1.350A
/
113
H
1.331A
H N
J57 
1.355A f
66e , O1.287A I
Figure 30. Structure of the Cis Vinyl Anion of L i ,  BeH, P BHj>, 
and the Structure of the Cis Dianion of Acetylene.
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suggests that covalency gradually increase with increasing 
electronegatively (Li to B). This is evident in the geometries of 
the lith ium  vinyl anion which has a carbon skeleton almost 
identical to that of the dianion (Figure 30). Thus the cis 
lith ium  vinyl anion represents the most ionic structure in 
agreement with previous s tud ies.22,28
The la t te r  two examples of the influence of 1-3 overlap also 
demonstrate a number of trends associated with the increasing 
e lec tro negativ ity . (1) The charge transferred from the vinyl 
moiety to X decreases from -0 ,33  for Li to -0 .1 5  fo r P BH2*
(2) The CX distance of the three membered rings contracts from 
1.717A for Li to 1.554A for P BHg. (3) The CCH angle 
l in e a r i ly  increases in increments of 10° fo r each increase in 
electronegativ ity  along the series.
While 1-3 overlap is the dominant in terac tio n , other 
interactions are also operative. The E lX-Effect undoubtedly 
contributes to the cis preference, but the amount by which i t  does 
is unknown. ir-Conjugation is easy to id en tify  because this  
interaction aids in the observed contraction of the rings. The 
EIH-Effect is only possible for PL BH£ and would be repulsive 
for the cis isomer. This conclusion agrees with the 1.3 kcal/mol 
trans preference demonstrated by PI BH2- The smallness of 
th is preference re la t iv e  to the magnitude of the cis preference in 
P BH2 also demonstrates the s ta b il iz in g  influence 1-3 overlap 
has on these cis vinyl anions re la t iv e  to the other in teractions.
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The EIH-Effect is also responsible for the preferred anti 
conformation of the BeH moiety.
Although the cis isomer for L i ,  BeH, and P BH2 is  
strongly preferred, d ire c t comparison between the cis and trans 
isomers may be somewhat unwarranted. This contention gains 
support from the structures of trans substituted L i ,  BeH, P 
BH2 vinyl anions. These optimized geometries are also cyclic  
showing substantial X-H bonding (Figure 31 and Table 37). The 
compactness of these anions as judged by the CX and CH bond 
distances is in the order BeH>Li>P BH2- This order is id e n t i­
cal to the re la t iv e  experimental strengths of the XH bonds: 55,
59.6, and 79.4 kcal/mol for Be, L i ,  and B, resp ective ly .32,33,3 4 
The fact that the trans isomers owe a part of th e ir  s ta b i l i ty  to 
HX bonding makes the energetic preference for the cis isomer even 
more s ign if ican t.
The MO's of these ring systems are quite in teresting . The
presence of a vacant out-of-plane 2p AO on Li and Be allow for a
2 ^-electron aromatic s ta b il iza t io n  of the ttqc* P ^ 2
does not have a vacant out-of-plane 2p o rb i ta l ,  but does interact
with the hqc o rb ita l  by hyperconjugation with a low-lying  
★
ir- like  ag^ | o rb i ta l .  The importance of the vacant in-plane 
2p o rb ita l on X in supporting 1-3 overlap is very evident in the 
shape of the HOMO for these three anions as shown in Figure 32.2? 
The shape of these o rb ita ls  resembles the bonding interactions
Figure 31. Structures of the Trans Vinyl Anions of L is ReM, and DM2*
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HOMO o f  Ci s Li V in y l  Anion
9 ^  m |
HOMO o f  Ci_s BeH V in y l  
Anion
HOMO o f  Cis P BH2 V in y l  
Anion
Figure 32. MO Contour Maps of the HOMO of the Ci_s Vinyl Anion of 
L i , BeH, and P BH2.
156
between the acetylene LUMO and a transition metal occupied 
d -o rb ita l .
4~ 4* +
The charged 6 -substituents ( NH3 , 0H£, H OCH3 ) show an
intermediate preference for the cis geometry ranging from 4 .7 -7 .8  
kca1/mol by 4-31G and 1 .8 -4 .7  kcal/mol by ST0-3G (Table 38). The 
greatest cis preference is demonstrated by + NH3 (7 .8  kcal/mol) and 
P + 0H2 ( 6.6 kcal/mol) while PL (4 .9  kcal/mol) and H+ 0CH3 (4.7
kcal/mol) show equal preferences. The cis preference for these 
three substituents is dictated prim arily by the E IH -Effect. This 
is c learly  supported by the atomic charges for the hydrogen atoms
attached to X: 0 .28, 0 .30 , 0 .30, and 0.30 fo r + NH3> PI +0H2 ,
P+0H£ and H+ 0CHr  Comparing PL and P + 0H2 shows this e ffect to be
more pronounced in the case of P +QH^  than for PL +0H2 . This
decrease in cis preference is the result of destabiliz ing  
e lec tro sta t ic  in teraction between the oxygen lone-pair and the 
anionic lone-pair (E lX -e f fe c t ) .  Planar g-substituted aminovinyl 
anions and heteroally l an ions^  also show this type of 
e lec tro sta tic  destab iliza tion  of the anion when a cis arrangement 
of both electron rich centers ex ists .
^-Conjugation and hyperconjugation are operative in 
s ta b il iz in g  the occupied o r b i ta l .  However these 
interactions do not impose any noticeable c is - trans energetic 
preferences. Although +FH was not used as a substituent, the 
p a rt ia l order of decreasing cis preference with increasing 
electronegativ ity  (NH3>P OH2) does indicate that th is  
substituent would show the smallest c is-trans d ifference. This
Table 38. E (tran s)-E {c is ) Zw itterions,  
X+CH-CH"» where X= NH3 , 0H2 ,
and H0CH3. a
E(trans) - E(cis)
X ST0-3G//ST0-3G 4-31G//ST0-3G
+nh3
+0H2 (PL) 
+0H2 (P) 
h+och3
4.5
1.9
4.2
1.8
7.8
4.9 
6 .6  
4.7
a) Energies are in kcal/mol.
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trend is most l ik e ly  due to n-o* hyperconjugation between the
*
anionic lone-pair and the ocX* Thus inductive withdrawal is 
s t i l l  apparent in the zw itte r io ns , but this increases the electron 
density on X+ at the expense of the -carbon.
S tructura lly  these model vinyl zwitterions show considerable 
compression of the vinyl bond length re la t iv e  to the analogous 
vinyl anions (Table 39). The geometries also show that the cis 
isomer has a much smaller CCX bond angle than does the trans 
isomer. This angle compression is the result of the EIH-Effect. 
The CCH angles are increased re la t iv e  to _13 making the vinyl 
moiety look more acetylene l ik e .  Eades and c o w o r k e r s ^  have 
recently studied the protonation of enamines and have noted a 
sim ilar compression of the alkene moiety before and a fte r  
protonation.
The cis-trans preferences for the second row electronegative  
substituents show two d is t in c t  trends depending upon conformation 
as shown in Table 40. PPL NHg, trans OH, P OH, trans OCHg^  
and F show a 1 .2 -3 .1  kcal/mol (4-31G) trans preference while 
CH3 , P NH2» cis OH, and cis OCH3 show a 1 .7 -3 .5  
kcal/mol (4-31G) cis preference. These two trends demonstrate 
that more than one process is operative in determining c is - trans 
preference. The f i r s t  series includes a ll  the conformers which 
have substituent lone-pair electrons cis to the anionic lone-pair, 
15; while the second series encompasses a l l  conformers with
Table 39. ST0-3G Ceametries for Cis and Trans Zwitterions, XTIbCH"
where
X R
CX
R
CC
R
Ola
R
CHb
<b
*m3 cis 1.614 1.304 1.101 1.080 112.0
+0H2 (PL) cis 1.577 1.268 1.030 1.080 108.6
+0H2 (P) cis 1.577 1.283 1.093 1.079 111.4
Kf0CH3b cis 1.588 1.268 1.088 1.079 103.6
+NH3 ■trans 1.615 1.298 1.104 1.078 123.6
+0H? (PL) trans 1.583 1.252 1.084 1.079 122.2
+0H2 (P) trans 1.583 1.274 1.094 1.078 123.0
Kf0CH3c trans 1.599 1.250 1.083 1.079 122.2
bH3, OI2, and HQCH3
<6 R R <6 <e <4>a
JOT XU'
108.4 143.6 1.036 1.035 102.1 109.2 120.0
117.6 151.6 0.982 0.983 113.8 132.1 0(180)
112.7 148.4 0.988 0.930 114.5 114.5 120.0
117.6 151.7 0.984 1.439 110.3 132.6 0(130)
112.1. 133.6 1.034 1.035 107.1 108.5 120.0
126.1 139.7 0.983 0.986 120.4 129.6 0(180)
113.5 137.3 0.987 0.987 112.1 112.1 120.0
126.8 139.8 0.984 1.445 117.4 129.9 0(180)
a) $ is the diliedral angle <CCXH(H').
b) !3ond length and anqles about methyl youp are: CH=1,092$; CH'=1.094fi; <0CH=109.6o; <0CH'=109.5°; 
<C0CH'=+120.0°.
c) Bond length and angles about methyl g-oup are: CH=1.09lfi; CH'=1.093&; <flCH=110.1°; <0CH'=109.5°; 
<C0CH'=+120.0°.
Table 40. E (tran s )-E fc is ) fo r  Anions, 
XCH=CH", where X=CH3, NH2, OH, 0CH3, 
and F .a
E(trans) - E (c is)
X ST0-3G//ST0-3G 4-31G//ST0-3G
ch3 -0 .3 0.7
nh2 (PL) -1 .3 0 .2
nh2 (PPL) -1 .4 - 1.2
nh2 (P) 0.0 1.7
OH (c is ) 0.5 3.2
OH (P) -1 .4 -1 .4
OH (trans) - 2.2 -3 .0
och3 (c is ) 0.7 3.5
0CH3 (trans) -2 .3 -3.1
F -1 .4 - 1.8
a) Energies are in  kcal/mol.
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electropositive  hydrogen atom(s) or a methyl group s.yn to the 
anionic lone-pa ir , 16.
©
 \16. H
Structure _15 is destabilized by both the ElX-Effect and 1-3 
Overlap. The E lX-Effect destabilizes by e lec tro sta tic  
repulsion between the substituent and the a-carbon (q =-0.53 and q 
=-0.40 fo r the syn F anion). The shape of the anionic center, as 
seen in the MO map^7 shown in Figure 33, demonstrates that the 
two lone-pairs in terac t in ah anti-bonding fashion which results 
in destab iliz ing  1-3 overlap. These two destabiliz ing in teraction  
are eliminated in the trans configuration. Hyperconjugation of 
the n-o* type also favors the trans isomer as w e ll ,  but this  
e ffec t is probably small due to the fact that no notable increase 
in trans preference is apparent as X increases in e lec tro negativ i- 
ty .
E lec tros ta tic  in teractions between the negatively charged 
anionic center and hydrogen atom(s) or a methyl group attached to 
X (the E IH -E ffect) are the primary origins of the re la t iv e  
s ta b i l i ty  of the cis isomer when X is CHg, PI NH^, P , syn-OH, 
and syn-OCHj. The EIH-Effect is supported by the atomic charges 
on the hydrogen atoms: +0..11, +0.28, +0.24, +0.34, and +0.18 for
CH^, PL NHg , P NH2 , syn-OH, and syn-OCHg, respectively. Comparing 
the tota.l energies of cis OH and trans OH demonstrates that the
162
' Fi gure 33.
P-----
V ~ . .
ACr v  *' 7 —  ij
- 'i  v . *
MO Contour Map of the HOMO of the Trans Vinyl Anion 
of F.
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difference between the EIH -Effect and the ElX-Effect is 
responsible for a 12 kcal/mol s ta b il iza t io n  by 4-31G (5 kcal/mol 
by ST0-3G) of the syn-OH conformer over the anti conformer. PL 
NH2 and CH3 show the wrong preference at the ST0-3G le ve l.
However this is probably due to deficiencies in the ST0-3G basis
s e t .37
Even though two trends are observed for the electronegative  
substituents, the most stable geometries for vinyl anions 
substituted by the electronegative substituents are the c is -P NH£, 
cis-syn-OH, cis-syn-OCH  ^ , and trans-F. This information shows 
that the EIH-Effect is the more important in teraction for these 
anions. Schmidt and coworkers3  ^ have reported calculations on 
aminovinyl anions, but the study dealt with a and & amino 
substituted vinyl anions.
S tru c tu ra lly , the e ffects  of these interactions on 
geometrical properties of these 3-substituted vinyl anions are 
small re la tive  to J/3, as shown in Table 41 and 42. Both the cis 
and trans isomers for a l l  conformers of the electronegative  
substituted vinyl anions closely resemble 13. The CC bond is 
contracted s l ig h t ly ,  a manifestation of inductive e ffec t  for these 
substituents re la t iv e  to hydrogen. Electron-withdrawal is evident 
in the decrease of a charge on the vinyl moiety of these anions 
re la t iv e  to _13 { -0 .9 8 , -0 .8 1 ,  -0 .6 4 , -0 .5 0 ,  and -0 .43  for H, CH^,
P NHg, trans-OH, and F, respective ly ). A s im ilar contraction is 
also apparent for a-carbon CH bond. The fact that no clear
Table 41. ST0-3G feonetries for Cis Anions, XCH=CH"> "here
X=CH3, W2. OH, 0CH3, and F.
X R
CX
R
CC
R
CHa
R
CHb
< a < 6 <Y R
XH
R
XH’
<6 < e
ch3 1.517 1.348 1.123 1.098 122.3 109.1 125.8 1.085 1.097 108.3 113.7 119.7
NH2 (PL) 1.485 1.319 1.119 1.095 122.8 105.1 131.3 1.013 1.015 121.8 122.5 0(180)
NH2 (PPL) 1.476 1.329 1.123 1.099 123.1 105.1 127.4 1.016 1.016 123.5 123.5 90.0
nh2 (P) 1.513 1.326 1.120 1.093 •122.7 105.5 129.3 1.040 1.040 116.6 116.6 120.0
OH (§yn) 1.451 1.317 1.116 1.094 121.9 106.2 132.3 0.992 — 103.2 — 0.0
OH (P) 1.452 1.323 1.119 1.100 122.7 105.1 129.5 0.998 — 104.7 — 90.0
OH (anti) 1.462 1.319 2.118 1.097 120.9 104.9 130.5 0.996 — 104.0 — 180.0
0CH3 (syn)^ 1.462 1.314 1.113 1.094 125.0 105.9 131.5 1.429 — 112.1 — 0.0
0CH3 (anti)c 1.468 1.319 1.118 1.093 119.7 104.6 130.9 1.43U — 111.3 — 180.0
F 1.400 1.320 1.117 1.101 122.3 1U5.1 130.8
H
H— X
a) <t is tlie dihedral angle <CCXH(H').
b) Bond lengths and angles about nethyl group are: CH=1.094A; CH’=1.097A; <0QH09.0°;
<0CH'=109.5°; <C0CH'=+120.0°.
c) Bond lengths and angles about uethyl group are: CH=1.095A; CH'=1.097A; <0CH=106.9°;
<0CH'=108.1°; <C0CH(=+120.0°,
H H
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Table 42. 5T0-3G Ceometries for Trans Anions, XCH=CH".
X=CH3, Nl2, OH, 0CH3, and F
X R
CX
R
CC
R
CHa
R
CHb
<oc < 3 <y R
XH
R
XH'
<6 <e
ch3 1.534 1.349 1.129 1.093 129.3 103.8 119.3 1.088 1.096 110.2 113.0 120.0
nh2 (pl) 1.489 1.319 1.122 1.091 129.3 106.1 124.6 1.014 1.016 122.0 123.3 0(180)
NH2 (PPL) 1.480 1.328 1.120 1.095 123.8 106.0 121.1 1.016 1.016 123.5 123.5 90.0
nh2 (p) 1,519 1.325 1.124 1.089 129.0 106.1 123.1 1.040 1.040 116.4 116.4 120.0
OH (s.yn) 1.457 1.318 1.124 1.091 129.6 105.8 125.0 0.994 — 102.7 — 0.0
OH (P) 1.456 1.323 1.121 1.095 123.2 106.0 123.5 0.998 — 104.7 — 90.0
Oil (anti) 1.465 1.317 1.119 1.093 126.6 106.3 124.3 0.996 — 104.5 — 180.0
0CH3 (syn)b 1.470 1.314 1.113 1.091 133.8 108.8 123.8 1.428 - — 113.3 — 0.0
0CH3 (anti)c 1.474 1.316 1.117 1.089 125.3 106.4 125.2 1.431 — 111.6 — 180.0
F 1.404 1.319 1.120 1.096 127.9 105.8 124.7
a) 0 is the dihedral angle <CCXH{H').
b) Bond lengths and angles about tfie nethyl group are: CH=1.09ll; Oi'=1.095 ;^ <0CH=106.4°;
<UCH'=108.2°; <C0CH’ =+120.0°.
c) Bond lenqths and angles about the nethyl group are: CH=1.096fi; Oi,=1.096 ;^ <0CH=107.1°;
<0CM'=103.1°; <C0CH<=+120.0°.
Increase in contraction is noted in going from amino to fluoro  
substitution is due to the concurrent increase in ir back-bondin
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Isomerization 'Barr ie rs
Vinyl anions and isoelectronic  neutral system s,^ such as 
imines, undergo cis-trans isomerization prim arily  by inversion and 
rotation about the double bond. The linear and perpendicular 
vinyl anions represent structures near the respective tran s it io n  
structures for the two isomerization mechanisms. The energetics 
of the l inear and perpendicula r  vinyl anions are used to determine 
the effects  -substituents have on the preference and ease of 
cis-trans isomerization.
In general, B-substituted vinyl anions and zw itterions show 
that the 1 inear isomer is more stable (more negative to ta l energy) 
than the perpendicular isomer. This energetic favoritism  for the 
l in ear  vinyl anions and zwitterions translates into a preference 
for lone-pair inversion (Tables 43 and 44). All substituents  
lower both isomerization barriers  re la t iv e  to hydrogen, with each 
class of substituents (Li-BH ;CHg-F;+ NHg-H+OCHg) also 
demonstrating a systematic decrease in barrier heights with 
increasing e lec tronegativ ity  of X.
The inversion barriers are in general higher for the 
electropositive  substituents. This fact is probably related to 
the usual s ta b i l i t ie s  of the cis e lec tro pos it ive ly  subtituted  
vinyl anions. The substituents do show a general decrease-in the 
barr ie r  height of inversion at the ST0-3G level with increasing 
elec tro negativ ity  of X. At the 4-31G le v e l ,  this trend is a
Table 43. E (lin )-E (m in ) fo r the 
Vinyl Anions, XCH=CH", and 
Zw itterions, X+CH=CH“ . a
E ( l in )  -  E(min)
X ST0-3G//ST0-3G 4-31G//ST0-3G
H 50.5 36.6
Li 51.5 30.1
BeH 40.9 30.0
BH2 (P) 27.3 20.4
BH2 (PL) 60.6 41.6
ch3 47.6 36.8
nh2 39.3 29.9
OH 38.4 25.2
0CH3 33.1 21.0
F 38.9 22.0
+nh3 12.9 14.5
+oh2 -2 .3 2.0
h+och3 -5 .1 - 0.2
a) Energies in kcal/mol.
Table 44. E(perp)-E(min) for the Vinyl 
Anions, XCH=CH- , and Zwitterions, 
X+CH=CH".a
E(perp) -  E( nrin)
X ST0-3G//ST0-3G
H
Li
BeH
BH2 (P) 
BH2 (PL) 
CH3
nh2
OH
0CH3
F
+ NH3
+oh2
h+och3
114.3
75.3 
79.6
64.3
36.2
94.8
94.8
87.5
97.6
77.4
37.8
40.3
4-31G//ST0-3G
83.7
51.1
60.3 
51.0 
40.5
66.4 
63.9
60.5
65.7
65.2
33.5
35.6
a) Energies are in kcal/mol.
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l i t t l e  perturbed which is probably an a r t i f a c t  of using the ST0-3G 
geometries without reoptimization as the 4-31G leve l.
S tru c tu ra lly ,  the e lectropositive  l inear isomers are 
negatively charged three membered rings very similar in shape to 
the cis isomers as shown in Table 45. Thus 1-3 overlap s t i l l  
controls the s tructura l features of these linear vinyl anions. 
Linearizing one end of the cis vinyl anions causes a large 
decrease in s t a b i l i t y ,  because this d istortion reduces overlap 
between the in-plane 2p orb ita ls  of X and the vinyl group.
For substituents CH3 through F, the increased s ta b i l i ty  
of the linear isomer is due to n-o* type hyperconjugation 
between the CX a* o rb ita l  and the f i l l e d  2p AO on the a-C.
The steady increase in linear s ta b i1i ty  along this series is 
d ire c tly  proportional to the decrease in the energy of the CX 
a* o rb ita l associated with increasing inductive electron- 
withdrawal. The EIH-Effect is also manifested by the s light  
anomaly in the behavior of the ST0-3G energy for F re la t ive  to 
syn-OH and PL NH2 both of which can benefit from this type of 
e le c tro s ta t ic  s ta b i l iz a t io n .  The geometries of the e lec tro ­
negative substituted 1 inear vinyl anions show l i t t l e  change 
re la t ive  to the parent linear anion (Table 46). The changes that 
are observed are almost identical to the changes described for the 
cis and trans isomers.
Lastly, the charged substituents ( +NHg,+ 0H2» H+0CHg) are the 
most e f f ic ie n t  substituents in lowering of the barrier to
Table 45. ST0-3G feccetries for Linear (1 in) and Perpendicular (perp) Anions, XCH=CH", hhere
X=Li, BeH, and Dlig
X R
CX
R
OC
R
CHa
R
aib
<a < B <Y R
XH
R
XH’
<6 < e
Li Tin 1.729 1.312 1.059 1.107 75.5 180.0 119.3
BeH lin 1.538 1.327 1.062 1.103 70.3 180.0 125.3 ' 1.294 — 157.6 — 180.0
bh2 (P) lin 1.506 1.289 1.064 1.092 70.0 180.0 133.9 1.177 1.177 165.3 165.3 120.0
BH2 (PL) Tin 1.470 1.346 1.053 1.115 125.9 180.0 120.1 1.168 1.172 123.0 123.4 0(180)
Li perp 1.746 1.357 1.077 1.109 74.2 118.9 118.6
BeH perp 1.579 1.376 1.087 1.101 68.0 110.8 126.8 1.295 — 152.1 — 180.0
8H2 (P) perp 1.530 1.351 1.087 1.093 67.8 109.4 135.1 1.174 1.174 119.2 119.2 72.2
BH2 (PL) perp 1.507 1.385 1.139 1.088 129.0 106.2 107.1 1,167 1.166 122.9 122.0 0(180)
H H
H — X.'s H-X"s
Hb Linear
0
Ha X  "
Perpend i cu1 a r
Table 46. STQ-3G Geometries for Linear (lin) and Perpendicular (perp) Anions, XOKH", vhere
x=ch3, w2, OH, och3, and F
X R
CX
R
CC
R
CHa
R
CHB
<a < B < Y RXH
R
XH1
<6 < e < f
ch3 lin 1.605 1.254 1.048 1.119 127.9 180.0 128.8 1.089 1.094 112.0 112.5 120.2
NH2 (PL) lin 1.554 1.234 1.047 1.117 127.5 180.0 132.8 1.021 1.023 123.1 124.2 0(180)
OH (syn) lin 1.500 1.237 1.047 1.116 127.7 180.0 132.9 0.997 — 102.8 — 0.0
OCH3 (syn)  ^ lin 1.538 1.229 1.048 1.109 128.1 180.0 134.9 1.421 — 111.9 — 0.0
F lin 1.437 1.238 1.047 1.124 127.2 180.0 131.8
ch3 perp — — — — — — — . — — — —
[
N!l2 (PL) perp 1.533 1.276 1.072 1.133 128.2 105.6 134.0 1.023 1.026 122.3 125.1 0(180)
OH (syn) perp 1.485 1.277 1.072 1.130 127.9 105.9 134.8 0.994 — 102.9 — 0.0
0CH3 (syn)c perp 1.527 1.270 1.071 1.119 138.0 107.4 136.2 1.428 — 110.9 — 0.0
F perp 1.430 1.277 1.072 1.139 128.1 105.5 133.3
near
P e rp e n d ic u la r
a) is the diliedral angle <CCXH(H').
b) Bond lengths and angles about the irethyl group are: CH=1.099ft; CH'=1.0988; <0CH=108.1°;
<0CH'=108.7°; <C0CH'=+120.0°.
c) Bond lengths and angles about the nethyl croup are: CH=1.104^ ; CH'=1.097&; <0CH=106.1°;
<0CH'=1U9.5°; <C0CH'=+120.0o.
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inversion . The fa c t  the the l in e a r  isomer is more stable than the
cis  isomer for PI +0H  ^ and H+0CH  ^ is probably due to the fac t that
the CO bond length is much longer than the cis or trans species.
However the conclusion that the b a rr ie r  to inversion fo r  these
model zw itte r io n s  is very small has experimental and th e o re t ic a l
support. The th e o re t ic a l support was established previously in
th is  work^O fo r  the 3-ammonio- a-cyano vinyl zw itter ions
formed from addition of ammonia to cyanoacetylene. This study set
the inversion b a r r ie r  at 10 kcal/mol (4-31G). Experim entally ,
works by Huisgen and others^* have shown that s te re o s e le c t iv i ty
is variab le  for nucleophilic  additions of amines or alcohols to
activated  alkynes. The E IH -E ffec t (e le c tro s ta t ic  in te ra c tio n
between substituent hydrogen atom(s) and the anionic center) and
negative hyperconjugation between the anionic center and the 
★
oqn bond are the major s ta b i l iz in g  factors for these 
substitu ted l in e a r  vinyl z w it te r io n s . The inversion b arr ie rs  
s te ad ily  decrease (0<N) as expected. S tru c tu r a l ly , the charged 
substituents show the same contraction of the vinyl moiety as was 
apparent in the cis and trans isomers (Table 4 7 ) .  These systems 
resemble weak complexes between acetylene and X as did the cis and 
trans isomers.
The anomalous behavior of PL BH2 is  not new and again can 
be ra t io n a lize d  by a d e s ta b il iz in g  E IH -E ffec t between the electron  
r ich  substituent hydrogen atoms (q=-0 .26) and the anionic center
Table 47. STQ-3G Ceonetries for Linear (lin) and Perpendicular (perp) Zwitterion, X+CH=CI-T,
when? X=NH3, CH2, and H0CH3
H
X R
CX
R
CC
R
CHa
R
Olb
<CC < 6 <Y R
XH
R
XH'
< <5 < e <*a H'-Xs
+NH3 lin 1.679 1.205 1.053 1.084 120.4 180.0 144.1 1.031 1.033 106.5 108.4 120.0
>V IB
+0H2 (PL) lin 1.624 1.192 1.055 1.081 117.2 180.0 150.0 0.987 0.993 118.9 134.0 0(180) A—
li+0CH3b lin 1.667 1.189 1.056 1.078 116.1 130.0 151.7 0.988 1.451 114.8 135.2 0(180) Hb L in e a r
+MH3 perp 1.659 1.236 1.075 1.092 120.5 109.8 144.9 1.032 1.034 105.3 103.4 120.0
+0H2 (PL) perp 1.611 1.213 1.069 1.085 117.1 121.8 ' 150.1 0.938 0.997 116.7 136.4 0(180) H
H+0Q13C perp 1.653 1.214 1.073 1.084 116.1 117.2 151.8 0.989 1.457 112.4 137.9 0(180)
H - X /s
a) b is the dihedral anqle <CCXH(H‘ ),* V J8b) Bond lengths and angles about the nethyl croup are: CH=1.091A; 01'= 
<OCH'=109.1°; <COCH*=+120.0°.
c) Bond lengths and anoles about the nethyl g~oup are: CH=1.091A; CH'= 
<0CH'=109.1°; <0001'=+120.0°.
1.093A; <0CH=110.8°; 
1.093A; <0CH=110.9°;
/
Hb
4 *
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which has been moved closer to the hydrogen atoms by 
1 linearization.
Rotation about the CC double bond is very d i f f i c u l t  for vinyl 
anions, ranging from 83.7 kcal/mol for hydrogen to 40.5 kcal/mol 
for PL BHg. This large barrier to rotation is ind icative  of 
disruption of the b°nd upon adoption of the perpendicular 
isomer. All three classes of substituents (e lectropositive ;  
electronegative; charged) lower the rotational barrier re la t iv e  to 
hydrogen and demonstrate the same internal decrease in the 
rotational barr ier  (with increasing e lec tro n eg a tiv ity ) as was 
found for the inversion ba rr ie r . Morokuma and Nagase^ have 
calculated s im ilar decreases in the CC double bond rotational 
ba rr ie r  for l i th ia te d  ethylenes.
The e lectropositive  substituents lower the rotational barrier  
by hyperconjugation and e le c tro s ta t ic  in teractions. These 
interactions allow better delocalization of the electronic  
destribution found in the perpendicular vinyl than does hydrogen. 
The structure of these three vinyl anions also show the dominance 
of 1-3 overlap, in that these vinyl anions are a l l  negatively  
charged three membered rings.
PI BHg is the only substituent to possess a perpendicular 
isomer which actually  represents an energy minimum at the ST0-3G 
lev e l.  This isomer is also more stable than the linear isomer 
according to ST0-3G and energetica lly  equivalent by 4-31G. This 
fact indicates that both isomerization mechanism should be able to
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operate competitively in unsaturated carboranes. The structure of 
th is  isomer c learly  accounts for this unusual behavior. The short 
CB bond (1.385A re la t iv e  to 1.450A for the trans isomer) and the 
long CC bond length (1.507A re la t iv e  to 1.403A for the trans 
isomer) are indicative  of appreciable CB ir-bonding. Thus this  
structure resembles an unsaturated carbene. Radom® noted 
sim ilar short CB bond for PL BH2 substituted methyl anions.
CB and NB bonds having appreciable amounts of ir-bonding are not 
uncommon in boron chemistry.^3
Electronegative substituents also lower the ro tational  
b arr ie r  re la t iv e  to the parent vinyl anion, _13. The o rb ita l  
mechanisms responsible for th is  lowering of the rotational  
barriers are the same as those which lowered the inversion 
b a rr ie rs . The geometries of these isomers show only minor changes 
re la t iv e  to the parent perpendicular vinyl anion as did a l l  the 
other isomers for these substituents (Table 46).
The charged substituents again impart the greatest 
s ta b il iza t io n  to the perpendicular isomer as they did to the 
1 inear isomer. These substituents produce this enhanced 
s ta b il iza t io n  because they can in teract more e f fe c t iv e ly  with the 
electronic d istr ibution  of the model transition structures for 
rotation about the CC double bond than can the uncharged 
substituents. S tru c tu ra lly ,  these anions show the same 
contraction of the vinyl moiety as did a ll  the other isomers for
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these substituents. The shortness of the CC bond should also 
contribute to the s ta b i l i t y  of the perpendicular vinyl 
zwitterions by promoting stronger CC bonding.
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Conclusions
Substitution of a 3-hydrogen atom by a second-row substituent 
has many in teresting effects  on the s ta b i l i t ie s  and structures of 
vinyl anions and zw itterions. 3-Substitution also has profound 
influence on the inversion and rotational barriers to cis-trans  
isomerization of these anions and zw itterions.
(1 ) All substituents s ta b i l iz e  the vinyl anion re la t iv e  to 
ethylene as determined by the isodesmic s ta b il iza t io n  energies 
(Table 33). The e lectropositive  substituents impart the greatest 
s ta b il iz a t io n  to the vinyl anion due to the presence of low-lying  
vacant o rb ita ls ,  in agreement with results calculated for ethyl 
and methyl a n i o n . The increasing s ta b il iza t io n  energies
for the electronegative substituents (C<N<0<F) is consistent with 
the order for increasing electron-withdrawing power.
(2 ) The reaction energies for equation 8 (Table 34) show the 
same trend as observed for the isodesmic s ta b il iza t io n  energies.
The large positive reaction energies for the neutral nucleophiles 
are s im ilar to results for other additions involving neutral 
nucleophiles.17,18
(3) The substituents L i ,  BeH, P BH2 , CH3 , P NH2 , +NH3 , 
syn- O^H, PL +0H2 , P +0H2 , syn-0CH3 , and H+0CH3 prefer the cis 
isomer while PL BH2 , PPL NH^, P OH, a n t i -OH, a n t i -OCH^, and F 
prefer the trans isomer. The cis preference for L i ,  BeH, and P BHg 
is due to the importance of 1-3 Overlap between the in-plane
2p-orbital on X and the anion center. n-Conjugation and 
hyperconjugation also added to the cis preference by contributing  
Huckel type two electron aromatic delocalization of the occupied 
Tree o rb i ta l .  These effects  are responsible for the cyclic  
forms of these cis anions. The cyclic  form persisted in the 
1 inear and perpendicular isomers as w e ll .  The trans isomers were 
also unusual showing appreciable X-H bonding. The amount of X-H 
bonding in the trans anions as judged by the XH bond distances 
para lle led  the XH bond energies .32,33,34 jhe charged 
substituents favor the cis isomer by a ttra c t iv e  e le c tro s ta t ic  
interactions between e lectropositive  hydrogen atom(s) and the 
anionic center (the E IH -Effect) as do the electronegative  
substituents with hydrogen atom(s). The remaining substituents 
favor the trans isomer due to destab iliza tion  of the cis isomer by 
e le c tro s ta t ic  repulsion between the anionic center and the partia l  
negative charge on X and by 1-3 overlap between the two 
lone-pairs . PI BH2 is the only exception and prefers the 
trans isomer because of destab iliz ing  e lec tro sta tic  interactions  
between the electron rich hydrogens and the anionic center for 
the cis isomer.
(4) All the substituents, studied here, lowered isomerization 
barriers as judged by the re la t iv e  s ta b i l i t ie s  of model transition  
structures for inversion and ro ta t io n , the linear and 
perpendicular substituted vinyl anions, respectively. All the 
substituents prefer the inversion mechanism over the rotation  
mechanism as does the parent vinyl anion. This preference for
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inversion over rotation also holds for compound containing CN 
double bonds. ^
PI BH2 represents the only exception showing a s lig h t  
preference for CC bond ro ta tion . This s ituation is due to 
appreciable CB it bonding. The charged substituents lower both 
barriers by the greatest amount. This observation has interesting  
implications regarding the zwitterions formed in the addition of 
ammonia to cyanoacetylene. Caramella and Houk1  ^ have 
demonstrated that electron-withdrawing B-substituents cause an 
appreciable lowering of the inversion barr ier  for vinyl anions. 
These two facts indicate that both the 3-ammonio and a-cyano 
groups contribute to the small inversion barr ier  for zwitterions  
formed in nucleophilic additions to activated alkynes.
(5) The geometries of the p-substituted vinyl anions and 
zwitterions show that the e lectropositive  and charged substituents 
impart the greatest structural changes re la t iv e  to hydrogen. The 
electronegative substituents a ffec t the vinyl anion ‘geometries to 
a much smaller extent. These data are consistent with the large 
energy preferences shown for the e lectropositive  and charged 
.substituents re la t iv e  to the electronegative substituents.
All these conclusions indicate that nucleophilic addition to 
alkynes by X" w i l l  be very s im ilar to hydride addition to 
acetylene for CH  ^ and the electronegative charged second-row 
nucleophiles (NHg, OH, OCH ,^ F ) .  While neutral electronegative  
nucleophiles (NH^, OHg, and HOCH )^ should give s im ilar results to
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those obtained for ammonia addition to cyanoacetylene. The data 
also indicate that nucleophilic addition of ammonia and water to 
acetylene and formaldehyde^*-^® are very s im ilar in that no 
zw itte r io n ic  intermediates are formed.
The e lectropositive  second-row charged nucleophiles are more 
unusual. However the data suggest that these nucleophiles may act 
as useful aids for crudely modeling tran s it ion  metal-acetylene  
in teractions. This contention is supported by X-ray structural 
data for a wide range of trans it ion  metal complexes containing 
acetylene which show the CCM moiety to be a three-membered 
r in g .44 This contention is also supported by the fact that 
tran s it ion  metals have high-lying f i l l e d  and vacant p and d 
orb ita ls  of the the correct shape to form the same type of bonding 
in teraction with acetylene as do the e lectropositive  second-row 
nucleophiles.
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CHAPTER V. STABILITIES AND STRUCTURES OF HETEROALLYL ANIONS
187a
In troduction
Generation and a lky la tion  of a l ly !  and heteroa lly l anions are 
of considerable synthetic value, because these transformation 
occur s te reose lec tive ly .1-25 Deprotonations of acyclic  
heteroa lly l anion precursors strongly favor the formation of syn 
disposed anions V7 over the anti configuration 18. Fraser and
R
17
R
C M
coworkers have demonstrated complete syn s e le c t iv i ty  in alkylation  
of l i th ia te d  ke tim ines^  and a ld im ines .H  The syn 
preference for these anions was estimated to exceed 4.5  
kcal/rao l.H  The syn geometry is also preferred by 
isoelectronic neutral systems such as enols, enol e th e rs ,2® 
carboxylic acids, esters , and im idates.2?.
Several explanations have been proposed to ra tio n a lize  these 
geometrical preferences and other related phenomena. (1) Hoffmann 
and Ulofson^ suggested that anions which can maximize 
homocyclic conjugation, n-HCJMO s ta b i l iz a t io n ,  w i l l  be formed 
p re fe re n t ia l ly .  Homocyclic conjugation results from a (4n+2)
7r-electron delocalized system which is only possible for the syn 
geometry, _17. (2) Epiotis and coworkers2** demonstrated that
o -o rb ita l  interactions (a-o* and n-o*) can produce conformer 
preference in molecules lacking homocyclic conjugation. 
Conformations of acyclic molecules with polar bonds have been 
successfully ra tiona lized  by sim ilar considerations.28,29 {3 )
Minimization of dipole-dipole^O 0r e le c tro s ta t ic  interactions  
between polar bonds and/or lone-pair electrons have often been 
cited  to ra tio n a lize  conformational preferences of molecules.
This classical scheme has been used by Bank2 to explain the 
greater s ta b i l i ty  of syn-alkenyl anions re la t iv e  to the anti 
isomers, but such e ffects  have received only occasional 
consideration in h e te ro a lly l ic  anion s y s t e m s . 31 ( 4 )
Chelation effects as a result of covalently bound metals (usually 
L i)  to substituents with lone-pairs have also been proposed to 
explain anionic structural preferences.
Although acyclic heteroa lly l anionic systems deprotonate 
stereospecifica lly  to y ie ld  syn anions, cyclic derivatives give 
p a rt ia l  to complete stereochemical reversal.32,33 fraser and 
Houk^4 reported that endocylic ketimines give complete 
reversals in the observed s te reo s e le c tiv it ies  as compared to 
acylic  ketimines. These products arose from stereospecific  
deprotonation of the exocyclic methyl group which corresponds to 
the anti configuration in acyclic heteroally l anions. Jager and 
coworkers^2 have observed s im ilar results for base induced
139
alkylations of isoxazolines. Reduced or reversed s e le c t iv it ie s  
also accompany changes In so lven t.17,32 Enders and 
coworkers^^ have shown that s te reo s e le c tiv it ies  of e lec tro -  
p h il ic  substitutions of aldehyde hydrazones change from 95% syn to 
85% anti upon addition of HMPA. Similar results have been 
obtained for solvent effects  on isoxazoline anions.^2,33 y^e 
contrasting behavior of cyclic  heteroally l systems compared to 
acyclic systems and the effects  of solvation indicate that the 
effects  contro lling  s te reo se lec tiv it ies  appear to be quite 
complex.
Analysis of the reasons behind the experimental s e le c tiv it ie s  
observed for acyclic and cyclic  heteroally l anions is divided into 
two parts. Part 1 deals with several syn-anti he te roa lly l anion 
pairs in order to determine i f  in tr in s ic  properties of these 
anionic species could account for the observed s e le c t iv i t ie s .
Seven acyclic anions were considered, those formed by deprotona­
tion of acetaldehyde imine, _N-methyl acetaldehyde imine,
1-methylacetaldehyde imine (acetone imine), acetaldehyde oxime,
1-fluoroacetaldehyde imine, _N-methyl-N-nitrosamine, and 
N^N-dimethyl-N-nitrosamine. Isoxazoline was the only cyclic  
h e te ro a lly lic  system investigated. Several neutral species are 
also reported to compare the structural changes that accompany 
deprotonation and to aid in the analysis of in t r in s ic  properties 
of these anions.
Part 2 addresses the effects which l i th ia t io n  and subsequent 
solvation have on the re la t iv e  s ta b i l i t ie s  of structures ]J_ and
18. Because lithium bases are normally u t i l iz e d  in the
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experimental studies, some counterion coordination undoubtedly 
occurs. L ith ia t io n  can occur in e ither  a o or n sense.
The a l i th ia te d  derivatives contain a planar NLi bond, J_9, while
the ir l i th ia te d  species have lithium in teracting  with
the tt system, 20. Solvation was accomplished by addition of two
or three water molecules to f i l l  a to ta l of four coordination 
sites on the lithium cations. The p o s s ib i l i ty  of deprotonation of 
water or hydrogen bonding between the water molecules and the 
anions were precluded by geometrical constraints. These 
constraints were imposed to insure that a water molecule would 
node! actual ether solvents employed in experimental studies of 
these anions.
2
1 9 20
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Part 1. Analysis of In tr in s ic  Properties
Eight syn- anti pairs of heteroallyl anions and two syn-anti 
pairs of related neutral species were analyzed using the 4-31G 
basis s e t .35 HF calculations on anionic species are in 
general problematic,36 but 4-31G calculations give reasonable 
structural and energetic information for a n i o n s . 37*38 
neutral and anionic systems were fu l ly  or p a r t ia l ly  optimized at 
the 4-31G level for both the syn and anti configurations. For the 
methylated species, the internal degrees of freedom of the methyl
group vjere set at standard values (R =1.09A; <XCH=109.5°;
LH
<HCH=109.5°; <XHCH=120.0°) arid a ll  CH bond lengths and bond angles 
were also fixed at the optimized values for the non-methylated 
derivatives. The isoxazoline anions were optimized using the 
ST0-3G basis set39 due to th e ir  size. The ju s t i f ic a t io n  for 
the use of the STCJ-3G basis for anions was established in the 
previous chapter on vinyl anions^O and w il l  be reinforced in 
part 2 of this chapter.
Five of the anion pairs and the fluoro neutral species are 
derivatives of acetaldehyde imine 21. For notational convenience
H
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the following abbreviated names w i l l  be employed throughout this  
study:
Acetaldehyde imine -----------------------------------  AH
Acetaldehyde imine anion ------------------------  A anion
N-Methylacetaldehyde imine anion --------- _N-Me-A anion
Acetaldehyde oxime anion ------------------------  _N-0H-A anion
Acetone imine anion ----------------------------------  1-Me-A anion
1-Fluoroacetaldehyde imine----------------------- 1-F-AH
1-Fluoroacetaldehyde imine anion ---------  1-F-A anion
N-Methyl-N-Nitrosamine a n io n -----------------MNA anion
N^N-Dimethyl-j^-Nitrosamine a n io n  DMNA anion
Isoxazoline anion ------------------------------------- ISO anion
The to ta l and re la t iv e  energies for a ll  ten syn- anti pairs  
are given in Tables 48 and 49, respectively. The optimized
geometries are tabulated in Tables 50 and 51 for structures l]_ and 
18, resp ec tive ly .41-43 jhe geometries of vinylamine and the 
a l ly l  anion38»44 are reported for the purpose of comparison in 
the subsequent discussions.
AH shows a 0.8 kcal/mol anti preference. On the other hand,
A, JJ-Me-A, 2-Me-A, and N-OH-A anions show a 4 .5 -6 .2  kcal/mole syn 
preference. A sim ilar syn preference is also found for the DMNA 
anions. The near energetic equivalence of 2-F-A and MNA anions 
and the 4.7 kcal/mole anti preference of 2-F-AH w il l  be explained 
in the discussions to follow.
Table 48. Total Energies (4-31G//4-31G) fo r
Syn and Anti H e te roa lly l Anions.3
Syn Anti
AH
A anion
N-Me-A anion
N-OH-A anion cis
N-OH-A anion trans
2-Me-A anion
2-F-AH
2-F-A anion
MNA anion
DMNA anion
ISO anion
-132.87028
-132.22201
-171.20437
-206.93017
-206.93280
-171.19328
-231.61326
-230.98676
-222.83145
-261.80472
-280.47818b
-138.87159
-132.21457
-171.19714
■206.92167
-206.93225
-171.18174
-231.62076
-230.98741
-222.83159
-261.79589
-280.47886b
a) Total Energies are in Hartrees.
b) ST0-3G values are reported for the 
isoxazoline anions because convergence 
problems were encountered with the 4-31G 
basis set.
Table 49. E (a n t i)  -  E(syn)
fo r  the H e te roa lly l Anions.3
E (a n t i ) -E(syn)
AH -0 .8
A anion 4.7
N-Me-A anion 4.5
N-OH-A anion (c is )  5.3
N-OH-A anion (trans) 1.0
2-Me-A anion 6.2
2-F-AH -4 .7
2-F-A anion -0 .4
MNA -0 .1
DMNA 5.5
ISO -0 .4
a) E fan ti) -E (syn) values are in
kca l/m o l.
Table 50. 4-31G Geometries of the Syn Heteroallyl Anions.
» »
R R R R
1 2 3 4
AH 1.258 1.504 1.009 1.077
A anion 1.330 1.371 1.018 1.089
fMfe-A anion 1.328 1.370 1.461 1.089
N-QH-A anion cis 1.327 1.367 1.504 1.082
N-OH-A anion trans .',1 .3 3 3 1.355 1.526 1.085
1-Me-A anion ' 1.332 1.373 1.018 1.536
1-F-A anion 1.241 1.493 1.001 1.361
1-F-A anion 1.303 1.365 1.007 1.410
MNA anion 1.272 1.370 1.326 0.994
[MA anion 1.278 1.371 1.320 1.447
ISO anion (endo) 1.355 1.357 1.459 1.534
R R <a < P <Y <5 < G R
5
1.083
6
1.083 127.9 115.9 115.3 110. 110.6
OH
1.079 1.077 133.4 110.7 114.4 121.8 121.4
1.079 1.077 133.4 115.0 114.4 121.8 121.4
1.074 1.075 135.8 111.5 115.6 119.7 124.5 0.954
1.077 1.070 135.0 107.4 116.6 120.1 122.1 0.950
1.079 1.077 135. 110.7 115.4 121.8 121.4
1.082 1.078 129.0 117.2 112.2 109.5 109.6
1.071 1.072 135.8 111.2 112.4 121.0 120.3
1.070 1.059 130.9 114.1 116.9 116.7 118.8
1.070 1.059 128.3 114.6 117.5 116.7 118.8
1.070 1,516 116.9 104.2 125.9 129.3 105.3
Table 51. 4-31G Geometries of the Anti Heteroallyl Anions.
> ft
R R R R
1 2 3 4
AH 1.258 1.496 1.005 1.084
A anion 1.337 1.364 1.013 1.099
N-Me-A anion 1.335 1.368 1.464 1.099
N-OH-A anion cis 1.334 1.361 1.520 1.091
N-OH-A anion trans ,',.1 .335  
: * *
1.360 1.543 1.081
l-Me-A anion ’ 1.338 1.366 1.013 1.543
l-f-A H 1.241 1.486 1.006 1.373
1-F-A anion 1.311 1.357 1.005 1.448
MNA anion 1.254 1.376 1.361 1.006
0M1A anion 1.302 1.366 1.366 1.483
ISO anion (exo) 1.369 1.356 1.464 1.564
R R <0t < B < Y <6 < e
5
1.084
6
1.080 122.4 115.8 114.6 110.9 109.2
1.076 1.077 127.9 110.8 113.4 120.8 121.6
1.076 1.077 128.9 117.0 113.4 120.8 121.6
1.074 1.074 128.3 109.9 114.6 120.4 121.9
1.075 1.075 127.3 104.8 116.8 120.5 122.1
1.076 1.077 127.9 110.8 115.4 120.8 121.6
1.082 1.084 125.6 117.5 112.8 110.8 108.4
1.070 1.070 133.7 112.4 111.6 121.0 119.4
1.066 1.065 131.1 111.9 116.8 116.7 119.1
1.066 1.065 123.1 115.6 116.0 116.7 119.1
1.072 1.072 127.5 107.0 120.1 121.3 121.8
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S tru c tu ra lly , the anions have CN and CC bonds intermediate in 
length between those of AH and vinylamine. These anions also show 
large NCC bond angles (133°-136°) re la t iv e  to AH (128°) or v iny l­
amine (126°). These features coupled with the to ta l atomic 
charges for A anion (N l, -0 .84 ;  C2, +0.14; C3, -0 .55  fo r syn anion 
of j y j  are ind ica tive  of appreciable a l ly !  anion character. In 
fact the 5° and 8° increase in the NCC bond angle accompanying 
deprotonation of AH and 2-F-AH, respectively, are almost identical 
to the 7° increase in the CCC bond angle in going from propene 
(<CCC=125°) to the a l ly l  anion. 38*44
Although preference for the syn configuration is sign ificant  
for a l l  the A series anions, the persistence of this preference 
even for the acetaldehyde imine anion rules out homocyclic 
conjugation as the dominant s ta b i l iz in g  influence in these anions. 
This conclusion is easily  supported, because for homocyclic 
conjugation to be invoked, the substituent must have an accessible 
n or u - l ik e  o r b i ta l .  A hydrogen atom has neither.
Homoaromaticity may be responsible for the 1 -1 .5  kcal/mol 
increased s ta b i l i t y  of the syn N-substituted-A anions, but the 
contribution is r e la t iv e ly  small. Only o -o rb ita l  interactions or 
e lec tro sta t ic  e ffects  remain as viable explanations of the 
enhanced s ta b i l i t ie s  of the syn A anions re la t iv e  to the anti 
configurations.
Various model calculations on several of the isomeric pairs 
indicate that the syn s tructu re , 17, is favored as a consequence
of e le c tro s ta t ic  s ta b il iza t io n  while the anti conformer, 
experiences repulsive e le c tro s ta t ic  in teractions. In the case of 
the anti A anion, the destab iliza tion  is the result of 
e le c tro s ta t ic  repulsion between the lone-pair electrons on N1 and 
the negative it charge on the C3 carbon (N l, -0 .54 , C2, -0 .0 1 ,  C3, 
-0 .5 5 ) .  This type of repulsive e le c tro s ta t ic  in teraction was also 
described e a r l ie r  for g-substituted vinyl anions and zwitterions  
which possessed a lone-pair . The e le c tro s ta t ic  in teraction  
present in the syn-A anion is between the pa rt ia l positive charge 
on the N^hydrogeri (q =+0.17} and the p a r t ia l  negative charge on 
the C3 carbon atom, which is of course s ta b i l iz in g .  Several lines 
of evidence support this contention.
O
(1) A negative charge placed 2A above the C3 carbon of AH 
caused the 0 .8  kcal/mol anti preference to become a 4 .0  kcal/mol 
syn p r e f e r e n c e . S im ila r ly , a negative charge placed 2A 
above the C3 carbon of syn-A anion causes the syn preference to 
increase to 8.2 kcal/mol. These calculations were performed using 
a modification of the Morokuma energy decomposition 
procedure,^  but crudely model the repulsion between a 
negative n charge on the C3 carbon atom and the Ml lo ne-pa ir .
These results show that the e le c tro s ta t ic  repulsion 
between u- electrons on the terminal carbon and the imine lone-pair 
is of the correct magnitude and in the right direction to explain 
the syn preference in the anions.
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(2) 4-31G calculations on the syn and anti A radicals and 
cations show a 0.5 and a 9 .2  kcal/mol anti preference, 
respectively. These results are in accord with e le c tro s ta t ic  
domination of the preferred configuration, but are in opposition
Je
to expectations based on cr-orbital in teractions. The oqh
o rb ita l  remains essentia lly  unchanged in energy for a l l  three
*
species while the cqc energy decreases along th is  series 
(anion, rad ica l,  cation) in response to increases in bond length 
and charge. Because anti n -a* overlap is better than syn 
overlap, this o -o rb ita l in teraction should favor the syn conformer 
most in the cation. However both ionic species prefer the 
conformation which minimizes n-a* CT s ta b il iza t io n  and 
maximizes e lec tro sta t ic  s ta b i l iz a t io n .
The analogous crotyl series (anion, rad ica l,  cation) also 
show this same trend. The cis crotyl anion is preferred by 1.5 
kcal/mol while the radical and cation show a 1.0 and a 3.5  
kcal/mol trans preference (4 -31G ),6 respectively. This trend 
in preferred configuration was explained e a r l ie r  by invoking 
homoaromaticity in the case of the anion and homoantiaromaticity 
in the case of the cation.® The para lle l results obtained 
here for heteroally l anions which have no p o s s ib il i ty  of 
homoaromaticity suggest that e lec tro sta t ic  interactions may 
dominate the crotyl system as w e ll .
(3) 1-F-AH prefers the anti configuration by 4 .7 kcal/mol
*
which agrees with expectation based on n-o^p CT s ta b i l iz a t io n ,
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since anti n-0*  in teraction  is stronger than syn n-o*  
in teractions. However deprotonation causes the removal of this  
preference with a resulting near energy equivalence for the two 
configurations. This same near energy equivalence is also present
in the MNA anions. For 1-F-A anion, this e ffec t can be the result
*  *   ^
of n-o CT s ta b i l iz a t io n ,  because the o£C and o^p
orb ita ls  are closer in energy in the anions due to appreciable
CC ir bonding. However the same type of arguement does not hold
for MNA anions, because the MNA should have s im ilar o -o rb ita l
interactions compared to the unsubstituted A anions. These
trends are easily  explained by a comparison of the atomic charges
on the f lu o r in e , oxygen and C3 carbon atom in these two anions:
F, - .052 ; C3, -0 .58  for syn 2-F-A anion and 0 , -0 .7 2 ; C3, -0 .37
for syn MNA anion). The lack of n-o* interaction is also
apparent in the isoelectronic series (CH2=CHNH , CH2=CH0H,
CH2=CHF H) where n-a in teractions should uniformly favor the
syn species. However E(a n t i ) -  E(syn) is 4 .7 , 2 .1 , and -0 .9
kcal/mol, respectively, in opposition to the expected trend, but
in agreement with the terminal carbon charges: -0 .5 4 , -0 .1 5 ,  and
+0.16, respectively.
The large NCC angle adopted by the syn A anion re la t iv e  to 
the anti A anion suggests that the observed reversal in syn 
selecti v it ies  in cyclic  ketim ines^ antj other cyclic  
h ete ro a lly lic  anions*^,33 are in a b i l i ty  for these
ring systems to accomodate a 133° in ternal bond angle.
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Constraint of the NCC angle in the syn A anion to 120° and 
reoptimization of a l l  other degrees of freedom results in a 6.8  
kcal/mol increase in energy. Thus the anti A anion gains a 2 
kcal/mol advantage over syn A anion in response to angle s tra in .  
Further support for the reversal and no n-se lec tiv ity  of cyclic  
heteroally l anions comes from the re la t iv e  energies and optimized 
structures of syn fendo) and anti (exo) ISO anions as shown in 
Figure 34. The anti ISO anion is s l ig h t ly  preferred over the syn 
isomer (0.4 kcal/mol45) .  The syn isomer demonstrates that the 
ring is unable to accomodate the 133° angle (129°) seen for the 
analogous syn N-OH-A anions. The predicted non-selectiv ity  has 
been demonstrated for anionic modifications of isoxazolines by 
Jager and others .32,33 These authors showed that near equal 
amount of endo and exo 4-methyl-3-substituted isoxazoline anions 
are obtained upon deprotonation of the parent isoxazolines.
These studies indicate that heteroa lly l anions possess an 
in tr in s ic  syn preference aris ing from e le c tro s ta t ic  in teractions.  
These e lec tro sta t ic  interactions are equivalent to interactions  
between local bond and lone-pair dipoles and are crucial in 
determining the preferred configurations of ionic species and 
polar m o l e c u l e s . jhe large inherent NCC angle in the syn A 
anions is responsible for the anti s e le c t iv i ty  observed by cyclic  
heteroally l anions, because the rings can incorporate that large 
of an internal bond angle.
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Figure 34. ST0-3G Geometries o f the Isoxazoline Anions.
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Part I I .  L i th ia t io n  and Solvation.
Heteroally l anions show a 4-6 kcal/mol in tr in s ic  preference 
for the syn conformer as was established in Part I using 4-31G 
calculations. This in tr in s ic  preference for the syn configuration  
agrees with experimental trends for acyclic systems. However, 
some reactions of acyclic heteroa lly l anions do show attenuation  
of the degree of syn s e lec tiv e ly  with changes in s o l v e n t . ^>32,33  
In order to investigate the role that l i th ia t io n  and subsequent 
solvation have on heteroally l anion conformational preference, syn 
and anti l i t h io  and solvated l i t h io  acetaldehyde imine anions were 
thoroughly studied. Two possible l i th ia te d  forms are considered 
for the imine anion: a and r .  The a form has the lith ium  cation
in the plane of the molecule and attached to the nitrogen atom. 
L ith ia t io n , in a it sense, places the lithium atom above the plane 
of the molecule so that i t  can bind to the delocalized tt system. 
Both forms were considered along with three water and two water 
l i th ia te d  systems, in which the L i+ was solvated by two or 
three water molecules.
A ll l i th ia te d  structures were fu l ly  optimized at the ST0-3G 
le v e l.  Only the l i th io  species were concurrently optimized at the 
4-31G le v e l.  In the case of the solvated systems, the water 
molecules were fixed so that the hydrogen atoms could in teract  
minimally with the anionic centers. This constraint was imposed 
to insure that a water molecule would adequately model ethers in
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which most of the synthetic work was performed. All systems 
considered here w i l l  be given condensed names for convenience:
Acetaldehyde imine -------------------------------------------- AH
Acetaldehyde imine anion ---------------------------------  A anion
a-Lithio-acetaldehyde imine anion   a -L i-A  anion
ir-Lithio-acetaldehyde imine a n io n ------------------ it-Li-A anion
a-Lithio-acetaldehyde imine anion
tr ihydrate  ------------------- a-L i-A  3H2O
ir-Lithio-acetaldehyde imine anion
di h y d ra te  ir-Li-A 2HgO
t r i  h y d ra te --------------------- ir-Li-A 3H2O
The to ta l and re la t iv e  energies for these systems are given in 
Tables 52 and 53. The geometries are tabulated in Tables 54 and 
55. Comparing the ST0-3G and 4-31G results for AH^8 and A 
anions show that both basis sets give the identica l energy 
difference between the syn and anti A anions (4.7 kcal/mole) and 
also concur on the anti preference of AH (0 .3  and 0 .8  kcal/mol, 
respecti ve ly ) .
The re la t iv e  energies and the lithium  a f f in i t ie s  of the syn 
and anti A anions are shown in Figure 35. The data indicate that 
(J - lith ia tion  of the A anions reduces the syn preference from 4.7  
to 1,6 kcal/mol by ST0-3G and from 4.7 to 0 .5  kcal/mol by 4-31G. 
The syn preference of the a-Li-A  anions is very sim ilar to the syn 
preference found by Schleyer and coworkers^ f 0r cis and trans
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Table 52. Total Energies of Syn and Anti Acetaldehyde Imine 
Free, L ith ia ted , and Solvated Anions.3
ST0-3G//ST0-3G 4-31G//ST0-3G 4-31G//4-31G
AH syn -131.41294 ------ -132.87028
AH anti -131.41247 ------- -132.87159
A anion syn -130.61747 -132.21958 -132.22201
A anion anti -130.60993 -132.21188 -132.21457
a-Li-A syn -138.15781 -139.73881 -139.74423
a-Li-A anti -138.15525 -139.73742 -139.74344
7T—L i —A syn -138.15189 -139.71604 ------
ir-Li-A anti -138.18909 -139.74105 -139.74973
ir-Li-A 2(H20) syn -288.22612
ir-Li-A 2(H20) anti -288.24723
o-Li-A 3(H20) syn -363.23518
a-Li-A 3(H20) anti -363.23392
ir-Li-A 3(H20) syn -363.20457
TT-Li-A 3{H20) anti ------
a) Total Energies are in Hartrees.
Table 53. E (a n ti)  -  E(syn) for the 
Free, L i th io ,  and Solvated L ith io  
H eteroally l Anions.3
E(anti)-E(syn)
Tr-Li-A anion 2 ( ^ 0 )  -13.2
ir-Li-A anion 3{H2O) 19.2
a) E (anti)-E (syn) values are in 
kcal/mol. 4-31G values are in 
parenthesis.
AH
A anion
0-L i-A  anion 
a-Li-A  anion 3 ^ 0 )  
n-Li-A anion
- 0 . 3 ( - 0 .8) 
4 .7 (4 .7 )  
1 .6 (0 .9 )  
0.8
-2 3 .3 ( -1 5 .7)
Table 54. Geometries of Syn Hetenoallyl Free, Lithio, and Solvated Lithio Anions.9
R
1
R
2
R
3
R
4
R
5
R
6
R
NLi
,R
LiOa
R
LiOt
AH 1.274(1.258} 1.527(1.504) 1.048(1.009) 1.092(1.077) 1.087(1.083) 1.086(1.083)
A 1.348(1.330) 1.363(1.371) 1.053(1.018) 1.100(1.089) 1.073(1.079) 1.074(1.077)
-Li-A 1.421(1.378) 1.319(1.334) 1.029(1.006) 1.087(1.080) 1.077(1.072) 1.079(1.075) 1.666(1.770)
-Li-A 3{H20) 1.393 1.330 1.028 1.091 1.074 1.076 1.788 1.827 1.826
-Li-A 1.361 1.402 1.053 1.094 1.077 1.086 1.980
-Li-A 2{H20) 1.351 1.402 1.050 1.093 1.077 1.082 2.071 1.812 1.782
-Li-A 3(H20) 1.357 1.387 1.049 1.095 1.076 1.080 2.147 1.834 1.888
a) ST0-3G values are reported with 4-31G values in parenthesis vfien available. R's refer to structural desiccations used 
in Table 50.
Table 54. Geometries of Syn Heteroallyl Free, Lithio, and Solvated Lithio Anions (Cont).a»b
< a < 6 < Y <5 < e <CNLi <NLi0a <NLiOb
AH 127.6(127.9} 108.9(115.9) 115.1(115.3) 110.2(110.4) 110.9(110.6)
A 133.5(133.4) 103.8(110.7) 114.0(114.4) 122.0(121.8) 121.8(121.4)
-Li-A 126.6(129.3) 105.6(110.9) 119.5(117.4) 121.5(121.3) 121.9(121.9) 132.0(129.5)
-Li-A 3{H20) 128.9 105.9 113.7 121.8 121.7 126.9 117.5[ 0.0] 103.6[ +56.7]
-Li-A 125,3 105.3[-27.53 118.2[ 12.0] 119.0[ 2.7] 116.2[-30.6] 69.5[ 46.7]
-Li-A 2(H20) 126.2 104.5C-21.4J 114.9[ 10.6] 118.3[ -5.2] 116.0029.7] 68.2[ 49.7] 112.6[ 4.9] 113.6[ 173.5]
-Li-A 3(H20) 128.1 103.7C-19.5J 114.5[ 8.6] 119.1[ -5.7] 117.7[-23.8] 68.7[ 56.2] 123.2[179.2] 103.3[+134.1]
a) ST0-3G values are reported with 4-31G values in parenthesis when available. The angles designations refer to the 
structure acconpanying Table 50. The angles reported in brackets ([]) are the angles about (+) or below (-) the 
*y plane.
b) The value in brackets are dihedral angles with respect to the H attached to Cl.
Table 55. Georetries of Anti Heteroallyl Free, Lithio, and Solvated Lithio Anions.3
R R R„ R R R R R R
1 2 3 4 5 6 H i LiOa LfOt
AH 1.275(1.258) 1.524(1.496) 1.047(1.005) 1.094(1.084) 1.088(1.084) 1.085(1.080)
A 1.356(1.337) 1.362(1.364) 1.053(1.013) 1.102(1.099) 1.073(1.076) 1.073(1.077)
-Li-A 1.423(1.378) 1.317(1.334) 1.027(1.006) 1.092(1.080) 1.077(1.072) 1.081(1.075) 1.671(1.770)
-Li-A 3{H20) 1.392 1.329 1.026 , 1.096 1.074 1.077 1.801 1.826 1.822
-Li-A 1.337 1.412 1.030 1.099 1.076 1.080 1.776
-Li-A 2(H20) 1.332 1.401 1.032 1.099 1.076 1.079 1.855 1.822 1,789
-Li-A 3(HgO) — — — — — — — —
a) S70-3G values are reported with 4-31G values in parenthesis v/hen available. R's refer to structural cfesicpations 
used in Table 51.
Table 55. Geometries of Arti_Heteroallyl Anions Free, Lithio, and Solvated Lithio Anions (Cont.).9**5
< a < 3 < y < 6 < e OCNLi <NLi0a <NLi0b
AH 121.1(122.4) 109.0(115.2) 115.1(114.6) 110.3(110.9) 110.1(109.2)
A 128.1(127.9) 103.8(110.8) 112.9(113.4) 121.5(120.8) 122.3(121.6)
-Li-A 126.7(126.9) 105.6(112.3) 119.5(116.5) 121.5(121.6) 121.9(122.3) 133.2(121.4)
-Li-A 3(H20) 128.2 106.3 115.6 121.6 122.0 127.4 118.3[180.0] 104.0[+125.8]
-Li-A 118.5 111.811 -4.4] 120.7[ 4.6] 117.7[ 4.4] 114.0[-42.7] 79.0[ 39.2]
-Li-A 2(H20) 119.7 110.4[ -3.8] 120.6[ 3.2] 117.8C 0.5] 114.7[-36.8] 77.7C 43.7] U0.9[ -2.5] 122.3C 189.9]
-Li-A 3(H20) — — — — — — — —
a) ST0-3G values are reported with 4-31G values in parenthesis when available. The angle tfesigiations refer to the 
structure acconpanting Table 51. The angles reported in brackets ([]) are the angles above (+) and below the 
W plane.
b) The values in brackets are dihedral angles with respect to the H attached to Cl.
syn-TT-Li-A
23.3
A
23.3
antr-u-Li-A  
0 (0)
'■Ms,
3.7
syn-A anion
4.7
s.yn-g-Li-A
19.6 (5.5)
1.6 (as)
anti-A anion
21.2
(3.9)
a n t i-a-Li-A
21.2 (3.9)
Figure 35. Schematic Diagram of the tnergetics of Lithiation of Acetaldehyde Imine 
Anions (values in parenthesis are 4-31G).
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l i t h io  a l ly l  anions (4 .6  and 1 .8  kcal/mol by ST0-3G and 4-31G, 
respecti ye ly).
The ir-1 i th ia t io n  reverses the syn preference of the A anions, 
showing a 23.3 kcal/mol anti preference at the ST0-3G le v e l.
4-31G calculation of the ST0-3G geometries lower th is  value to
15.7 kcal/mol. Attempts to optimize the syn tt- 1 i th io  species at 
the 4-31G level indicated that this species was not a minimum 
energy structure, but simply collapsed without activation to the 
anti conformation.50
The anti ir-Li-A anion is the most stable species by 3 .5 -3 .9  
kcal/mol (4-31G) and by 19 .6 -23 .3  kcal/mol (ST0-3G). This 
preference for the anti -ft l i t h io  species is s im ilar to the results 
of Schleyer and c o w o r k e r s ^  who found tt a l ly l l i th iu m  to be
26.8 and 31.4 kcal/mol more stable than c is -3 -1 ith io -l-p ropene  by 
4-31G and ST0-3G, respectively. In fact the anti ir-Li-A anion 
closely resembles a l ly l l i th iu m , except that the lith ium  atom is 
displaced to a position closer to the nitrogen atom than to the 
carbon atom (Figure 36). This displacement is caused by the 
greater charge density centered on the nitrogen atom re la t iv e  to 
the carbon atom: -0 .89  and -0 .55  fo r A anion, respectively. The 
greater s ta b i l i ty  of anti ir-L i-A  over the two a forms is due to 
maximization of both e le c tro s ta t ic  a ttrac tion  and p-ir overlap.
The tt - 1 i th io  species affords the larger s ta b il iza t io n  because the 
l i th ium  cation can share four electrons in the ir l i t h io  form 
instead of two electron in the case of the a forms. The large
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H
H
123
82.6
HH
A l l y l  L i t h i u m
H
LI
syn- 3 - L i -1 -P ro p e n e
118'
a n t i  - i r - L i  -A
H
133
1.671 a
syn- o - L i - A
Figure 36. ST0-3G Geometries of Lith iated Acetaldehyde Imine 
and Propene.
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Figure 36. STU-3G Geometries of L ith iated Acetaldehyde Imine 
and Propene (Cont.).
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difference between the re la t iv e  energies obtained by ST0-3G and 
4-31G is the resu lt of the ST0-3G basis set overestimating the 
energetic importance of the lith ium  2p o r b i t a l s . T h i s  
e ffec t can also be seen in the magnitude of the increase of the 
4-31G CLi bond length for any of the l i th ia te d  species {Tables 53 
and 54) re la t iv e  to the ST0-3G values. The large lithium  
a f f in i t ie s  of the A anions are consistent with expected reaction 
energies for oppositely charged ions in the absence of a solvent.
L i th ia t io n  also affects  the geometries of syn and anti A 
anions. a -L ith ia t io n  causes the CC bond length to contract from
o o
1.36A in the syn-A anion to 1.32A (ST0-3G) which is even closer to 
the value for a normal CC double bond. The CN bond lengthen from
o o
a value of 1.35A in the syn-A anion to 1.42A (ST0-3G) which is 
very near that of a normal CN single bond. S im ilar changes occur 
for the a n t i -A anion and in the 4-31G optimized geometries for 
each p a ir .  The large NCC angle of 133.5° fo r  the syn A anion is 
reduced to 126.6° fo r  th is  type of l i th ia te d  species. The anti 
configuration experiences a smaller contraction, but -the NCC angle 
ends up identical to the syn species. These geometrical changes 
cause the syn and anti o -L i-A  anions to strongly resemble v iny l-  
amine. This same tendency was also seen in the geometries of the 
cis and trans 3-1ith io - l-p ro p en e 1^  (Figure 36).
TT-Lithiation causes the opposite bond changes compared to the 
cr-l ith ia ted  species. The ST0-3G and 4-31G optimized structures 
for the ti- 1 ith ia ted  species show a lengthening of the CC bond to a
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value s im ilar to the a l ly l  anion and very close to the value of 
a l ly l l i th iu m  (Figure 36). The CN bond length shortens to maximize 
P - t: overlap between the anionic system and the lith ium  cation. 
Although the NCC angle is compressed re la t iv e  to that in the free 
anions, the syn conformer maintains a larger NCC angle than does 
the anti conformer (125° and 118°, respective ly ). These effects  
are seen to be normal for the l i th ia t io n  of anions and analogous
h y d r o c a r b o n s . ^ 4 , 5 1 , 5 2
The re la t iv e  a c id it ie s  of methane, propene, acetaldehyde 
imine, and acetaldehyde can be determined from the energies of the 
isodesmic r e a c t io n ,^  equation 10. The s ta b i l iz a t io n  energies
Z=CH-CH3 + CH --------> Z=CH-CH + CH4 10)
for equation 10 are 3 7 . 5 ,  5 6 . 5 ,  and 7 1 . 5  kcal/mol fo r the a l ly l  
a n i o n , Sy n a and the enolate anion,44 respective ly . Thus 
the CN double bond s tab ilizes  the methyl anion by 19 kcal/mol 
compared to the CC double bond and the CO double bond imparts an 
additional 1 5  kcal/mol s ta b i l iz a t io n .  The results for this  
isoelectronic series c learly  show the expected order for 
s ta b i l iz a t i ’on of the methyl anion.
The re la t iv e  s ta b i l i t ie s  of the anti w-Li-A anion and a l l y l -  
l ith ium  can be s im ila r ly  determined by using the isodesmic 
re a c t io n ^  depicted by equation 11. The s ta b il iz a t io n
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Z=CH-CH3 + CH3Li -------- > (Z=CH-CH2 )Li + CH4 11)
energies for this equation are -51 .1  and -33 .9  kcal/mol for the 
anti ir-Li-A anion and a l ly l  lith ium  by ST0-3G, respectively. The 
negative values indicate that the lithium cation s ta b il ize s  the 
a l l y l i c  anionic systems more than the methyl anion. Again the 
replacement of a carbon atom for a nitrogen atom causes a 
substantial {17 kcal/mol) increase in the s ta b il iza t io n  of the A 
anion over a l ly l ! i th iu m . At the ST0-3G le v e l ,  the s ta b il iza t io n  
energies for the other l i t h io  species are -2 7 .7 ,  -3 1 .5 ,  and 29.9  
kcal/mol for syn-n-L i-A  anion, syn-o-L i-A  anion, and a n t i -rr-Li-A 
anion, respectively. The two l i t h io  forms {a and it) cause 
geometrical changes in the opposite d irec tion . L ith ia tio n  in a 
fashion elongates the CN bond and contracts the CC bond while 
l i th ia t io n  in a ir fashion contracted the CN bond and elongated the 
CC bond. These effects show that a l i th ia t io n  favors increased 
charge density on the nitrogen atom and forces the loca liza tion  by 
inducing a normal vinylamine arrangement of the A anion moiety.
The ir l i th ia t io n  favors increased a l ly l i c  delocalization to 
enhance p-ir overlap.
Theoretically , l i t h ia t io n  causes a complete reversal of the 
syn preference showing a 3 .5  kcal/mol anti preference. Although 
l i th ia t io n  d e f in ite ly  reverse the syn preference, the presence of 
solvent molecules containing oxygen atoms should have a large
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e ffec t on the l i th ia te d  systems by more thoroughly solvating the 
lith ium  cation. The influence that solvation has on the l i th ia te d  
A anions was determined by the addition of water molecules to 
complete the f i r s t  solvation sphere of l i th iu m .54 Experi­
mentally, lith ium  is known to coordinate about four medium sized 
alcohols or ethers in i ts  f i r s t  solvation sphere.54 Therefore 
model solvated systems were analyzed with two and three added 
water molecules. Three water molecules were attached to a l l  four 
of the l i th ia te d  A- anions. ,
The three water n -1 ith io  systems were studied pre lim inarily  
using a number of d i f fe re n t  orientations of the three water 
molecules about the lith ium  atom {Figure 37). Thus the structures 
diffe red  only by rotation about the CLi bond. For the l i th ia te d  
systems, one oxygen atom of a water molecule was always in the 
plane of the anion in e ither  a syn or anti conformation. The 
hydrogen atoms of the in plane water were also allowed to be 
coplanar and perpendicular to the plane of the anion. These 
preliminary studies showed that orientations 22 and 23 represent
H w/ \
\
H
H /
22 23 H
a - L i t h i o  A ceta ldehyde Im ine
-H  h
 H
■NHCH.
HH
■NHc Ha­
ir -  L i t  h i o A ceta ldehyde Imine
— H
C H .
NH
H— —HCH.
NH
F igure  37 . P o ss ib le  O r ie n ta t io n s  o f  Three Water M olecules Around a and 
ir- L i t h io  A ceta ldehyde Im in e .
ro
m JUD
2 2 0
the lowest energy arrangements of the three waters. These two 
structures along with a l l  other solvated structures have the water 
molecules aligned in such a way as to preclude any unusual 
hydrogen-bonding or proton transfer from the water molecules to 
the anionic centers.
The trihydrated "^ -1 i th io  species were chosen in a manner 
analogous to the procedure for the a - l i t h io  systems (Figure 37). 
Orientations 24 and 25 represented the most stable arrangement of
CH, NH
H H
H — , —H
CH.
N H
24 25
water molecules about the lith ium  cation. All four of these
species were then fu l ly  optimized except for the in ternal degreees
of freedom of the waters, which were fixed at standard values 
0
(Rq H= 0.977A, <LiOH= 128°). These preliminary studies also 
indicated only a 1-2 kcal/mol energy difference between 
conformations with d if fe re n t orientations about the CLi bond. The 
re la t iv e  energies and solvation energies are shown schematically 
in Figure 38.
The two water it- l i t h io  species were constructed to supply 
lithium  with four coordinating ligands the A anions were assumed
syn-ir-Li-A 3 (H0D) 
19.2
23.3
A i
23.3
1 i2
a n t i - tt-L i -A 2 (^ 0 )  
0,0
19.2
syn-ir-Li-A <■
3.7
s y n - TT-l
(
syn-a-Li-A
19.6
1.6
^1*^ a n t i - p-Li-A
21.2
a n t i -
i-A  3(H20)
.0
0.8
-Li-A 3(H20)
Figure 38. Schematic Diagran of the Energetics of Solvation of Litiiiated Acetaldehyde 
Imine Anions. roro
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to act as bidentate ligands. These systems were oriented in a 
tetrahedral arrangement about the lith ium  cation, as shown in 26 
and ZK These two species were also fu l ly  optimized at the ST0-3G
CH, N H
NH ,CH
26 27
level with the same constraints imposed on the water molecules as 
in the three water systems.
Upon addition of two water molecules to the syn and anti 
ir-Li-A anions, the anti species is s t i l l  be favored, but the 
preference is lowered by 10 kcal/m ol. The geometries of the A 
anion moiety in these two water systems are almost identical to 
the free species (Table 54 and 55). This indicates that the 
sol vent-1ithium interaction is not transmitted to an appreciable 
degree to the associated anion. The solvation energy (AE) for the 
addition of the two waters to the tt- 1  i th io  species give a 
s ta b il iza t io n  energy per water of 39.8 and 48.7 kcal/mol for the 
anti and syn systems, respective ly . This value is generally in 
good agreement with the 34-36 kcal/mol single water-1ithium cation 
energies calculated by Schuster and others .55 The OLi bond 
lengths are also in good agreement with these s tud ies .55
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Addition of three water molecules to l i th ia te d  A causes the 
anti ir-Li-A anion to collapse to anti o-Li-A indicating that a 
four coordinated lithium  cation is favored over a f iv e  coordinated
lith ium  cation. This fact is also supported by the energy
«
difference between the syn a and ir-Li-A anion three water system 
(19.2 kcal/m ol). Analysis of the energies of solvation for the 
three water l i th ia te d  A anions show that the two a-L i-A  anions are 
stab ilized  by 15 kcal/mol more than the syn ir-Li-A anion.
Separating these solvation energies into single water 
s ta b il iza t io n  energies give the following values for the l i th ia te d  
systems: 37.6, 37 .9 , and 32.6 kcal/m ol, for syn a -L i-A , anti
a -L i-A , and syn rr-Li-A. These single water s ta b il iza t io n  energies 
again agree with previous r e s u l ts ^  and also reinforce the 
contention that a four coordinated lith ium  cation is more stable 
than a f iv e  coordinated lith ium  cation. Although the solvation 
results for three waters reinstates the in tr in s ic  syn preference, 
the magnitude of the preference is s ig n if ic a n tly  reduced to 0.8  
from 4 .7  kcal/mol.
The geometries of the tr ihydrated  systems do show somewhat 
more change than did the two water species. The A moieties have 
undergone changes which make i t  resemble the free anions s l ig h t ly  
more than the l i th ia te d  species did in the absence of solvent.
The geometrical attenuations resu lting  from solvation are very 
small re la tive  to the i n i t i a l  e ffec ts  of l i th ia t io n .  This lack of 
sign ificant geometrical attenuation upon solvation indicates that 
the interactions between the lith ium  cation and anion remain 
essentia lly  unchanged.
Conclusions
The theoretica l s ta b i l i t ie s  of f ree , l i th ia te d ,  and solvated 
l i t h io  heteroally l anions indicate a number of stereochemical 
trends.
(1) In t r in s ic a l ly ,  heteroally l anions show a 4 to 6 kcal/mol 
syn preference. This preference was shown to resu lt from 
e lec tro s ta t ic  in teractions between the NR moieties and the 
ir-charge at C3. This in tr in s ic  preference is consistent with 
general s e le c t iv i t ie s  observed in alkylations of these anion 
systems.*"25
(2) Incorporation of the imine moiety into a ring cause the 
thermodynamic syn preference to disappear. This fact is due to 
the in a b i l i ty  of the ring to incorporate the large NCC angle 
preferred by acyclic syn heteroa lly l anions. This reversal of 
syn-anti preference is supported by fact that cyclic  ketimine and 
aldimines give exclusively anti a lky lation products.
(3) L i th ia t io n  turns the 4.7 kcal/mol syn preference into a 
comparable {3.5 kcal/m ol) anti preference. This reversal is due 
to the enhanced s t a b i l i t y  of anti -ir -L i-A . This anti preference 
suggests that formation of heteroally l anions in non-coordinating 
solvents should show anti s e le c t iv i ty .  Sim ilar anti s e le c t iv ity  
should also be observed whenever the lithium cation is dynamically 
involved in the deprotonation forming the anion. This contention 
is consistent with the s ta b i l i ty  of a n t i -L i-A .
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(4) Completion of the f i r s t  solvation sphere of the lithium  
cation reinstates the syn preference, but to a1 lesser degree those 
for the free anions. The addition of good coordinating solvent 
molecules to the l i th io  systems p a r t ia l ly  reverses the large 
geometrical attenuations caused by l i th ia t io n .  These trends 
suggest that anion formation in the presence of good lithium  
coordinating solvents should show syn s e le c t iv i ty .
A ll of these results indicate that a lky la tion  of acyclic 
heteroally l anions w il l  generally show syn s e le c t iv i ty .
Incorporation of the imine moiety into a ring w i l l  generally show 
non-selectiv ity  or anti s e le c t iv i t ie s .
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